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PREFACE 


About  15  years  have  elapsed  since  the  senior  author  of  this  report  was  privileged  to  coauthor  with  George 
Sachs  a  monograph  on  hydrogen  stress  cracking  and  hydrogen  embrittlement  of  low  alloy  aircraft  steels,  heat  treated 
to  high  strength  levels.  At  the  time  of  this  publication,  these  phenomena  became  a  matter  of  serious  concern  because 
of  the  increasing  frequency  of  brittle  failures  under  service  conditions,  for  example,  chromium  plated  landing  geare, 
cadmium  plated  steel  fasteners  and  weaponry.  More  recent  observations  enhanced  this  concern  alarmingly  because 
they  indicated  that  hydrogen  induced  stress  cracking  was  not  limited  to  electroplated  steel  parts  alone.  Hydrogen 
induced  failures  were  reported  for  parts  chemically  milled,  pickled,  or  exposed  to  paint  removers.  Hydrogen  cracking 
is  a  very  real  danger  where  hydrogen  is  used  as  a  liquid  fuel  in  rocket  engines  for  spacecraft  and  long  range  missiles. 

Embrittlement  has  been  also  detected  on  parts  installed  in  boilers,  pressurized  water  reactors,  high  pressure 
hydrogenation  units  and  parts  cathodically  protected.  It  would  obviously  be  an  oversight  not  to  allude  to  the 
desperate  fight  of  the  petroleum  industry  against  sulfide  corrosion  hydrogen  stress  cracking  and  the  numerous 
embrittlement  problems  experienced  by  the  welding  engineer. 

It  was  discovered  recently  that  numerous  cases  of  embrittlement,  which  had  been  considered  to  be  stress 
corrosion  cracking,  were  in  fact  hydrogen  stress  cracking. 

The  aforementioned  topics  are  discussed  comprehensively.  In  addition,  other  subjects,  relevant  to  hydrogen 
failures  are  included,  e.g.,  a  summary  of  the  methods  of  mechanical  testing,  crack  propagation  measurements,  and 
the  determination  of  hydrogen  in  steel.  Case  studies  are  reviewed  in  which  hydrogen  embrittlement  is  involved  in 
fatigue.  The  differentiation  between  stress  corrosion  cracking  and  hydrogen  stress  cracking,  and  the  effect  of  micro¬ 
structure  and  composition  of  steels  are  also  Included. 

The  timely  nature  of  the  scope  of  this  report  is  illustrated  by  the  fact  that  hundreds  of  pertinent  papers  arc 
published  throughout  the  world  every  year.  Many  of  them  include  rather  diversified  subjects,  associated  with 
hydrogen  failures,  and  tho  engineer  who  urgently  needs  quick  information  about  the  diagnosis  and  mitigation  of 
hydrogen  failures,  or  special  topics  in  this  domain,  finds  his  task  very  difficult  or  impossible.  In  order  to  Improve  this 
unfortunate  situation,  the  above  mentioned  topics  have  been  categorized  and  presented  in  a  clear,  simple  and  under¬ 
standable  form. 

A  thermodynamic  approach  was  found  most  appropriate  for  interpreting  consistently  a  number  of 
phenomena  of  hydrogen  embrittlement  and  hydrogen  stress  cracking.  In  addition,  a  number  of  variables  which  con¬ 
trol  hydrogen  embrittlement  generation  and  its  minimization  was  analyzed.  The  electrochemical  approach  was  found 
to  be  most  suitable  for  this  purpose. 

This  report  when  rogarded  in  tho  broader  aspects  of  modern  chemical  metallurgy,  strikingly  reflects  the 
complexity  of  this  subject. 
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CHAPTER  1 

MECHANICAL  TESTING  FOR  HYDROGEN  EMBRITTLEMENT 
AND  HYDROGEN  STRESS  CRACKING 


Hydrogen  adversely  affects  ductility.  Therefore,  all  tests  which  are  used  for  the  determination  of  this  me¬ 
chanical  property,  such  as  bend  tests,  reduction  in  area  or  torsion  tests  are  suitable  for  measuring  hydrogen  embrittle¬ 
ment.  However,  two  interrelated  phenomena,  hydrogen  embrittlement  and  hydrogen  stress  cracking  (delayed  failure) 
have  to  be  distinguished.  Embrittlement  is  a  prerequisite  for  hydrogen  stress  cracking  (an  irreversible  phenomenon), 
while  hydrogen  embritdement  on  the  other  hand  is  a  reversible  phenomenon,  because  an  embrittled  material  can  be 
made  ductile  by  thermal  treatment,  .since  these  two  interrelated  phenomena  are  used  interchangeably,  efforts  are 
made  in  this  book  wherever  possible  to  emphasize  the  above  stated  differences.  ■' 

A  discussion  of  mechanical  tests  will  be  given  under  two  groupings,  dynamic  and  static  tests.  In  addition. 
.  the  following  important  parameters  will  be  considered  in  context  with  these  tests:  the  effects  of  loading  rate,  tem¬ 
perature,  notch  acuity,  grain  orientation,  specimen  size  and  strength  level. 

1.1  DYNAMIC  TESTS 

1.1.1  SLENOER  COLUMN  BEND  TESTS 

Bend  tests  have  been  used  extensively  for  measuring  ductility  changes.  In  these  tests  a  wide  variety  of  speci¬ 
mens  have  been  employed.  A  thin  strip,  bent  as  a  column  was  suggested  by  Beck  in  collaboration  with  Sachs'1* . 
They  recommended  a  thin  strip  with  a  large  slenderness  ratio  bent  as  a  column  in  a  universal  testing  machine.  This 
test  permits  accurate  measurements  in  the  ductility  of  a  steel  over  a  wide  range  of  embrittlement,  as  well  as  con¬ 
tinuous  straining  at  a  nearly  constant  rate.  The  specimen  is  also  inexpensive,  a  prerequisite  when  large  numbers  arc 
required  because  of  scatter  ip  the  test  data.  The  specimen  is  shown  in  Fig.  1 .1. 

The  fixture  used  for  die  tests  is  shown  schematically  in  Fig.  1 .2. 


Fig.  1.1  y  Coktm,  «-/  bend  test  specimen  (slenderness  Fig .  1.2  -  Bend  test  set-up  lor  slender  column 

ratio  about  0.1 75)  specimen  using  universal  testing 

machine  and  two  die  blocks. 
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The  maximum  load,  the  fracture  load,  and  the  decrease  in  distance  between  the  die  blocks  of  the  bending 
fixture  are  measured.  Maximum  elongation  of  the  outside  fiber  may  be  computed  from  the  radius  of  curvature  of 
the  maximum  bend. 

The  presence  of  hydrogen  has  practically  no  effect  on  the  stress-straih  relationship  of  a  high  strength  steel, 
but  only  determines  the  termination  of  the  stress-strain  curve  or  the  fracture  point.  The  actual  strain  of  the  outside 
fiber  can  be  determined  from  the  decrease  in  column  height.  The  curve  of  strain  versus  column  height  is  essentially 
linear.  The  total  decrease  in  column  height  at  fracture  is  a  good  measure  of  the  ductility  of  the  specimen,  as  it  is 
easily  convertible  iuto  percent  elongation  at  fracture  and  is  more  sensitive  to  hydrogen  embrittlement  than  the  frac¬ 
ture  load.  t 

In  performing  hydrogen  embrittlement  tests  of  the  type  described  above,  consideration  must  be  given  to  the 
effect  of  the  rate  of  straining  on  the  measured  ductility  loss.  This  effect  will  be  discussed  in  detail  later. 

1.1.2  HALF-RING  BEND  TEST  \ 

The  half-ring  bend  specimen  can  be  employed  to  good  advantage  in  cases  where  the  test 
material  is  only  available  in  the  form  of  tubing.  A  semi-circular  specimen  is  used  in  a  slow  rate  compression 
bend  test  performed  in  a  universal  testing  machine.  The  total  cross  head  travel\from  the  free  height  along 
the  open  diameter  to  the  height  at  fracture  is  called  “deflection”.  This  value,  a  measure  of  the  ductility  of  the 
steel,  is  compared  with  the  fracture  deflection  of  an  unembrittled  ring  and  may  be  expressed  in  percent  reduction 
in  deflection. 

Half  cylinders  with  an  outside  diameter  of  2  in.,  a  width  of  1-1/4  in.,  and  a  wall  thickness  of  1  /8  >n.  have 
been  used  frequently.  However,  sensitivity  of  the  specimens  is  increased  considerably  by  using  narrower  half-rings 
(7/16  in.). 

Fig.  1 .3  depicts  the  superior  sensitivity  of  fracture  deflection  as  compared  with  fracture  load  to  measure 
ductility.  Half-ring  speciments  were  embrittled  by  electroplating!4! . 

1.1.3  ZAPFFE’S  BEND  TEST 

Zapffel^  designed  and  used  a  bend  test  machine  for  hydrogen  embrittlement  measurements  on  steel  wires 
with  tensile  strengths  exceeding  200  ksi,  The  device  is  shown  in  Fig.  1 .4  and  a  review  of  the  test  is  given  by  Beck  and 
Sachs!6!. 
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Fig  1.3  -  Compariton  of  the  sensitivities  of  reduction  in 
deflection  with  reduction  in  fracture  load  measurements 
on  plated  half -ring  specimens. 


Fig.  1.4  -  Consternate  band  tett  device  for  measuring 
hydrogen  embrittlement  In  steel  wire 


In  this  set-up,  one  arm  is  fixed  while  the  other  can  rotate  eccentrically  about  a  pivot  pin  near  its  end  and  is 
motor  driven  to  travel  at  a  constant  speed  by  a  wire  attached  to  a  pulley  and  to  the  traveling  arm.  This  device  permits 
bending  of  the  wire  test  specimen  (held  in  the  rotating  arm)  over  a  radius  of  i/16  in.  at  a  constant  rate  of  bending  of 
270°  per  minute,  or  4.5°  per  second.  The  angle  at  the  moment  of  breakage  is  taken  as  a  measure  of  hydrogen 
embrittlement  (7l. 

Chilton [^1  modified  the  set-up  and  used  it  for  embrittlement  measurements  on  medium  strength  steel  rib¬ 
bons.  Two  synchronous  motors  with  speeds  of  75  and  30  rps  were  connected  through  a  worm  gear  to  a  moving  arm. 
The  angular  velocity  was  generally  2°  per  second.  The  specimen  was  clamped  to  the  moving  arm  which  was  welded 
to  a  1/16  in.  radius  pin.  The  unclamped  end  of  the  specimen  was  held  against  a  stationary  arm  tipped  with  tungsten 
carbide.  As  the  arm  turned,  the  specimen  was  bent  around  the  moving  pin,  and  the  angle  at  fracture  was  measured  by 
a  protractor. 

1.1.4  MISCELLANEOUS  BEND  TESTS 

Other  less  precise  bend  tests  are  used  for  a  quick  evaluation  of  embrittlement.  A  common  one  is  the  repeated 
bend  test  in  which  a  wire  or  thin  strip  test  specimen  is  bent  back  and  forth  ovei  a  radius  until  it  breaks.  The  number 
of  bends  required,  which  may  be  markedly  affected  by  absorbed  hydrogen  if  the  rate  of  bending  is  slow,  is  a  mea¬ 
sure  of  ductility 

In  other  tests,  a  strip,  rod,  or  bar  is  slowly  bent  around  a  mandril  and  the  angle  of  bend  at  which  fracture 
takes  place  is  measured.  A  bending  rate  of  4°  per  second  is  considered  suitable. 

Another  test  variation  is  the  vise  test  used  for  fiat  spring  steel  stock  [bj .  It  is  a  free  end  loaded  bend  test 
which  can  be  performed  at  a  variety  of  fixed  bending  speeds.  In  this  test,  the  specimen  is  placed  end-wise  in  a  vise 
and  by  slowly  closing  the  vise  the  specimen  bends  or  progressively  huckles.  The  change  in  the  vise  opening  or  the 
decrease  in  cord  length  of  the  test  specimen  at  fracture  may  be  taken  as  a  measure  of  hydrogen  embrittlement.  The 
vise  may  also  be  operated  either  by  hand  or  by  a  mechanical  drive.  The  test  is  then  comparable  to  the  slender  column 
bend  test  previously  described.  The  specimon  may  be  smooth  or  may  contain  a  shallow  notch  at  the  point  of  maxi¬ 
mum  bending.  It  should  be  stressed  that  as  long  as  the  material  is  deformed  elastically,  the  test  is  a  constant  strain 
rate  test.  At  the  start  of  plastic  deformation,  this  test  becomes  one  of  constant  speed  produced  by  the  closure  of  the 
support  jaws.  Other  dynamic  embrittlement  tests  are  described  by  Sachs  and  Beck  1 1 H 

The  above  descriptions  clearly  indicate  that  bend  tests  have  the  advantages  of  being  simple,  inexpensive, 
and  fast.  However,  there  arc  a  number  of  disadvantages.  Comparison  of  the  results  obtained  by  various  investigators 
is  rather  difficult,  due  to  the  fact  dial  the  results  depend  on  variables  such  as  specimen  shape  and  si/e,  rate  of  bending, 
and  nature  of  the  bending  fixture.  Also,  it  should  be  emphasized  that  there  is  often  poor  agreement  of  hydrogen 
embrittlement,  when  determined  by  dynamic  bend  tests  and  sustained  loud  tests,  which  are  considered  to  be  more 
sensitive.  (Sustained  load  tests  will  be  described  later.) 

The  bend  angle  in  the  Zapfi'e  machine  is  not  due  solely  to  hydrogen  embrittlement,  but.  in  the  case  of  plated 
specimens,  may  also  he  affected  by  the  plating  itself,  for  example,  soft  clcclrodcposiis,  such  as  cadmium,  may  act 
as  solid  lubricants  and  lubricate  tire  wire  or  strip  passing  over  the  pin. 

It  is  to  be  emphasized  that  dynamic  bend  tests  give  qualitative,  but  not  quantitative  information  about 
hydrogen  embrittlement.  Therefore,  they  should  be  used  for  rapid  screening  rather  than  as  the  basis  for  final  judg¬ 
ments. 


1.1.5  TENSILE  DUCTILITY 

The  standard  tension  lest  gives  yield  strength,  tensile  strength,  elongation  and  reduction  in  urea  of  a  speci¬ 
men.  It  has  been  shown  that  the  reduction  in  area  reflects  considerable  variations  in  embrittlement,  while  tensile 
and  yield  strength  do  not.  Actually,  the  tensile  strength  of  a  cylindrical  section  has  been  found  to  be  clearly  affected 
by  hydrogen  only  in  instances  of  extreme  embrittlement.  This  lack  m  sensitivity  is  .explained  by  the  fact  that  even 
large  differences  In  the  ductility  of  materials  do  not  affect  their  tensile  strengths.  Tin;,  applies  particularly  to  high 
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strength  steels.  Fig.  1.5  indicates  clearly  the  aforementioned  differences  in  sensitivity  and  shows  that  there  is  a  slight 
effect  on  tensile  strength  only  in  cases  where  the  values  for  the  reduction  in  area  are  extremely  low  [12]. 

Elongation  is  also  not  a  proper  measure  of  ductility,  since  it  depends  in  a  complex  manner  upon  other 
characteristics  of  the  material!^] ,  However,  it  may  be  a  usable  indicator  of  embrittlement  depending  upon  the  par¬ 
ticular  steel  and  the  magnitude  of  the  embrittlement.  If  a  tensile  test  is  performed  on  standard  longitudinal  tensile 
specimens  (0.505  in.  dia.,  2  in.  gage  length,  Federal  Test  Method  151),  it  is  recommended!  ^1  that  a  strain  rate  to 
yield  of  0.005  in./in./min.,  and  a  rate  of  cross  head  travel  from  yield  to  ultimate  of  0.15  to  0.20  in./min  or  less,  be 
maintained. 

There  is  generally  better  agreement  between  the  results  of  slow  rate  reduction  in  area  tests  and  sustained 
load  tests  that  those  obtained  with  bend  tests. 

1.1 .6  TORSION  AND  TORQUE  TESTS 

Chilton!  14]  designed  a  torsion  test  machine  and  measured  the  angle  of  twist  when  the  specimen  failed.  In 
his  set-up,  two  chucks  are  installed  >n  a  lathe  bed.  An  electric  motor  geared  down  to  1.3°/sec  turns  one  chuck.  The 
other  chuck  grips  the  specimen  to  prevent  slippage  and  allows  movement  only  along  the  axis  of  the  specimen.  The 
number  of  degrees  of  revolution  ma  ie  by  the  specimen  at  failure  is  measured  by  a  counter  attached  to  the  motor. 

U  STATIC  TESTS 

1 .2. 1  CLASSICAL  SUSTAINED  LOAD  DELAYED  FAILURE  TESTS 

Suspending  a  fixed  tensile  load  on  a  notched  specimen  and  recording  the  time  to  fracture  represents  a 
very  sensitive  and  reliable  test  for  detecting  and  quantitatively  evaluating  hydrogen  embrittlement.  In  the  majority 
of  cases,  these  tests  are  conducted  in  a  dead  weight  lever  arm  (constant  load)  stress  rupture  machine  equipped  with 
an  electric  timer  which  is  automatically  arrested  at  the  moment  of  specimen  failure.  The  evaluation  of  hydrogen 
embrittlement  is  then  based  on  a  delayed  failure  diagram  in  which  applied  nominal  stress  versus  time  to  failure  is 
plotted. 

According  to  Troianol  15I ,  the  nature  of  delayed  failure  can  be  appropriately  described  by  four  parameters, 
as  illustrated  in  Fig.  1.6. 

•  The  upper  critical  stress  corresponds  to  the  fracture  stress  in  an  ordinary  notched  tensile  specimen, 

•  The  lower  critical  stress  is  the  applied  stress  below  which  delayed  failure  will  not  occur.  (This  stress 

is  often  incorrecly  called  the  "static  fatigue  limit"  an  analogy  to  the  endurance  limit  in  fatigue.) 

•  The  incubation  period  is  the  time  required  for  formation  of  the  first  crack. 

•  The  fracture  time  is  the  time  to  specimen  failure.  In  an  intermediate  stress  range,  this  includes  a 

period  of  relatively  siow  crack  growth. 


Fig.  1,5  -  Rri*tiotuhip  b*t**cn  reduction  in  area  Fig.  1.6  ~  Schematic  representation  of  delayed 

a nd  until a  strength  of  specimens  hydrogen  Mure  characteristics  of  a  hydrogenated  high 

embrittled  to  varying  extend.  strength  steel. 
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Lower  critical  stresses  can  be  expressed  in  terms  of  percentages  of  the  notched  tensile  strength  ot  the  unem¬ 
brittled  specimens  to  characterize  the  susceptibility  to  delayed  failure  of  a  high  strength  steel  embrittled  by  hydrogen. 

One  of  the  variables  which  adversely  affects  the  results  of  sustained  load  delayed  failure  measurements  is 
bending  of  the  test  specimen.  It  has  been  emphasized  in  ASTM  Standard  E-8-65T,  issued  in  1951  and  revised  in 
1965  [161  .that  departure  from  conditions  of  concentric  loading  introduces  bending  stresses  which  are  not  included 
in  the  usual  stress  computations.  Thus,  depending  on  the  bending  moment,  the  “true”  tensile  stress  may  exceed  the 
calculated  stress  appreciably.  Bending  stresses  may  be  reduced  to  negligibly  low  values  by  using  appropriate  alignment 
fixtures  to  ensure  concentric  loading  (axial  tensile  stress).  A  simple  set-up  is  recommended  in  the  ASTM  Standards. 
For  specimens  with  threaded  ends,  the  gripping  devices  should  be  attached  to  the  heads  of  the  testing  machine  through 
properly  lubricated  spherically  seated  bearings,  and  the  distance  between  these  bail  bearings  should  be  as  great  as 
feasible.  It  is,  therefore,  suggested  that  specimens  with  a  long  gage  length  be  used.  Additional  details  are  given  in 
Fig.  1.7. 

A  more  refined  device,  using  the  Sachs  precision  alignment  fixture,  is  partially  described  and  recommended 
in  a  special  ASTM  committee  report  issued  in  19621^1 .  This  fixture  shown  in  Figure  1.8  may  be  used  for  either 
button  head  or  threaded  specimens. 

Spherical 


Fig.  1. 7  -  Gripping  device  for  Fi9’  L8m‘Tht  S*chs  •tignmmt  fixture . 

threaded-end  specimens. 


This  device  has  been  described  thoroughly  by  M.ll.  Jones  and  B.F.  Brown,  Jr.i^l  who  emphasized  that  the 
load  should  be  applied  through  the  two  halls  accurately  positioned  in  line  wills  the  axes  of  the  loading  rods.  The 
specimen  is  attacited  to  the  loading  rods  by  means  of  a  precision  fastening  device.  The  magnitude  of  the  eccentricity 
depends  on  the  magnitude  of  tolerances  permitted  in  machining  the  fixture  and  (he  specimen.  Thus,  the  alignment 
is  built  into  the  fixture  and  specimen  assembly,  Any  factors  tending  to  produce  eccentricity  external  to  die  assembly 
arc  compensated  for  by  low  friction  loading  through  the  balls.  The  loading  balls  are  retained  in  recessed  seats  in  the 
precision  yokes,  an  arrangement  that  prevents  damage  to  the  seats  when  the  specimen  breaks  and  insures  that  the  balls 
do  not  shift  their  position  relative  to  the  loading  rod  holes.  The  load  Is  applied  to  the  bail  by  means  of  a  yoke  con¬ 
taining  a  puss  i  ball  seal.  The  yoke  is  attached  to  the  machine  head  by  a  threaded  stud.  The  ball  seat  is  lubricated 
with  molybe  it  disulfide.  High  temperature  alloy  button  head  loading  rods  arc  fastened  in  the  precision  loading 
yokes  by  nvarw  of  surface  ground  split  collars.  The  button  head  specimen  is  attached  to  these  rods  and  loaded  by 
precision  machined  split  adapters. 

Tolerances  stated  in  the  above  cited  ASTM  report  are  that  the  centerline  of  die  specimen  hole  in  the  yoke 
must  pass  through  die  ball  center  within  0.000$  in.  and  all  loading  surfaces  must  be  square  with  the  loading  axis.  The 
total  clearance  between  the  specimen,  the  split  collars,  and  the  corresponding  hole  in  the  yoke  should  not  exceed 
0.0005  In. 


A  large  amount  of  work  with  button  head  specimens  indicates  that  they  are  very  satisfactory  when  properly 
machined.  With  very  hard  material,  it  may  be  desirable  to  use  threaded  specimens  in  place  of  button  headed  ones. 
The  same  precision  yoke  can  be  used.  A  specially  machined  nut  bears  on  the  shoulders  of  the  collars  and  transmits 
the  load  to  the  specimen.  This  nut  should  be  a  close  fit  with  the  specimen  and  its  loading  face  should  be  machined 
square  with  the  thread  axis. 

A  typical  notched  tension  specimen,  recommended  by  Lockheed  Aircraft,  which  is  described  in  Ref. [13] 
and  copied  by  numerous  investigators  for  sustained  load  tests,  is  shown  in  Fig.  1 ,9f  13] . 


Fig.  1.9  -  Standard  notched  tensile  specimen  configuration.  (Direction  of  grain,  longitudinal). 


It  is  a  general  practice  to  load  the  first  specimen  to  75  percent  of  the  notch  tensile  strength  and  then  pro¬ 
gressively  lower  the  load  on  each  succeeding  specimen.  The  marked  scatter  in  these  measurements  makes  it  desirable 
to  break  a  great  number  of  bars  and,  if  necessary,  to  statistically  evaluate  the  data. 

1 .2.2  SIMPLIFIED  SUSTAINED  LOAD  TESTS 

A  number  of  investigators  hive  simplified  the  classical  stress  rupture  machine.  For  example,  Boeing  Aircraft 
eliminated  the  bulky  dead  weight  lever  arm  by  replacing  it  with  a  loading  nut  1 1' 9] .  The  load  is  applied  simply  by 
turning  the  nut  which  is  assembled  on  top  of  a  supporting  frame  whirl,  is  part  of  the  static  tension  jig.  Additional 
details  are  given  in  Fig.  1.10. 

Load  is  measured  by  means  of  strain  gages  placed  on  the  ring  type  dynamometer.  This  set-up  is  also  used 
for  embrittlement  testing  in  vapor  atmospheres (20) ,  The  specimen  is  attached  to  the  frame  with  a  split  bushing  and 
connected  to  the  dynamometer  bar  with  a split  nut.  Concentric  loading  is  accomplished  by  the  installment  of  two 
bail  joints  which  assure  a  self  aligning  system,  and  by  careful  alignment  of  the  top  and  bottom  holes  of  the  supporting 
frame. 

In  another  device,  very  similar  to  the  Boeing  fixture,  load  is  applied  by  turning  a  large  loading  nut.  Sues* 
measurements  are  made  by  strain  gages  attached  to  arcduced  section  of  the  loading  screw,  and  the  load  is  transmitted 
to  the  test  specimen  through  an  elastic  ring.  Springs  are  installed  to  reduce  the  effect  of  relaxation  of  the  specimen 
or  apparatus.  As  can  be  seen  from  Fig.  1 .  1 1 ,  the  assembly  contains  an  electrolytic  cell  which  can  be  used  for  con¬ 
tinuous  hydrogen  charging  of  the  steel  while  under  load. 

The  use  of  spring  loaded  specimens  for  tests  under  sustained  load  is  demonstrated  in  Fig.  1.12.  This  type 
of  apparatus  has  been  used  for  studying  the  embrittling  effect  of  high  pressure  hydrogen  gasUM.  It  contains  an 
exposure  cell  in  which  hydrogen  pressures  up  to  10  ksi  or  more  can  be  maintained.  The  tensile  load  is  applied  by 
compressing  heavy  duty  springs,  and  is  generally  determined  by  measuring  the  distance  between  the  plates,  and  con¬ 
verting  it  to  stress  through  previously  determined  curves  of  stress  versus  spring  deflection.  Temperature  can  be  con¬ 
trolled  by  enclosing  the  test  cell  in  an  electrically  heated  jacket  The  tensile  loads  have  lobe  corrected  by  the  load 
on  the  notched  crest  section  exerted  by  unbalanced  gas  pressure  on  the  notched  faces. 
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Another  modification  of  the  sustained  load  test  represents  a  marked  simplification  of  the  classical  set-up. 
This  method,  which  was  first  used  for  hydrogen  embrittlement  testing  by  Raring  and  Rineboltl22],  also  eliminates 
the  stress  rupture  machine.  This  device,  shown  in  Fig.  1.13a,  has  been  used  to  advantage  by  numerous  investigators. 

The  stressing  ring  is  steel,  generally  heat  treated  to  Rc  43.  According  to  the  designers,  the  specimen  and 
specimen  holders  have  to  be  aligned  on  an  accurately  determined  diameter.  Contact  between  the  loading  bolts  and 
the  outside  of  the  ring  should  be  made  through  mild  steel  bolsters  to  provide  uniform  load  distribution.  The  large 
bottom  nut  is  cut  with  a  micrometer  thread  about  1-1/2  in.  long  to  provide  thread  strength.  The  specimen  is  loaded 
by  tightening  the  bottom  nut  until  the  diameter  of  the  ring  corresponds  to  the  desired  load.  Raring  and  Rinebolt 
succeeded  in  preventing  introduction  of  torque  into  the  specimen  during  loading,  by  securing  the  stressing  ring  to  a 
surface  plate  to  which  shackles  are  fastened  that  restrain  the  grips.  The  details  are  shown  in  Fig.  1.13b.  Considerable 
elastic  energy  is  stored  in  the  ring  while  under  load.  The  sudden  release  of  energy  when  failure  occurs  displaces  the 
tightening  nut  which  activates  a  mechanism  connected  to  a  microswitch  (Fig.  1 .1 3c)  An  electric  timer  controlled  by 
the  switch  records  the  time  to  fracture. 

It  has  been  established  that  the  load  remains  essentially  constant  during  the  test  period.  On  loaded  speci¬ 
mens,  the  diameter  of  ring  corresponds  to  the  prevailing  load.  This  is  obtained  from  the  load  versus  diameter  calibra¬ 
tion  curve  for  the  ring,  which  is  determined  by  comparing  the  diameter  with  that  of  a  standard  proving  ring  loaded 
in  a  tensile  machine.  Care  should  be  taken  in  machining  both  the  stressing  ring  and  individual  specimens  to  minimize 
non-ax  ial  loading. 

A  sustained  load  test  suggested  for  bolts  is  the  torque  bolt  test  (23) ,  The  test  device  consists  of  a  fixture  in 
which  a  bolt  is  loaded  to  a  fixed  torque.  The  head  is  cocked  at  a  slight  angle  by  means  of  a  tapered  washer.  Friction 
is  minimized  by  using  light  machine  oil  between  the  bolt  and  the  washer.  The  shank  of  the  bolt  is  subjected  to  both 
tension  and  bending  under  load.  These  conditions,  which  simulate  mismatched  loading  in  service,  result  in  delayed 
failures  under  the  heads  of  the  bolts  and  in  the  threads.  As  a  rule,  the  device  consists  of  a  hardened  steel  block  through 
which  kolos  have  been  drilled  to  accommodate  the  bolts.  Time  to  fracture  is  recorded.  Failure  time  at  constant  torque 
has  been  found  to  vary  markedly  with  variables  that  are  known  to  affect  hydrogen  embrittlement.  A  simple  torque 
testing  fixture  is  shown  in  Fig.  1.14,  More  complex  fixtures  based  on  the  same  principle  have  been  described  by 
Sachs  and  Beck  (24). 


Fig  7. 13  -  Modified  sustains  loading  apparatus. 


Fig  1. 14  -  Simple  fixture  for  sostainetNoad 
torque  teats  on  steel  bolts. 


1.2.3  STATIC  BEND  TESTS 


A  simple  test  has  been  suggested  in  which  a  number  of  relatively  thick  specimens  are  bent  as  beams  to 
various  angles  in  a  bending  fixture.  The  levels  of  the  outer  fiber  stresses  can  be  varied  in  a  wide  range  by  setting  the 
specimens  to  a  calculated  deflection  with  the  aid  of  a  depth  micrometer.  Time  to  failure  is  recorded  as  a  function  of 
applied  stress  and  degree  of  hydrogen  embrittlement.  Notched  as  well  as  unnotched  specimens  can  be  expo$ed(13] . 

Another  simple  test  was  suggested  by  Allread  and  Robinson  [25) ,  These  investigators  tested  horizontally 
oriented  cylindrical  notched  tension  specimens  supported  in  a  recess  at  one  end  and  slipped  into  the  extension  of  a 
lever  arm  to  which  a  dead  weight  was  applied  at  the  other  end.  Load  was  adjusted  by  sliding  the  weight  hanger  on  the 
arm  to  provide  the  desired  bending  moment  on  the  specimen.  They  suggested  the  use  of  a  fixture  with  six  suspen¬ 
sions  for  simultaneous  testing  at  different  stress  levels,  enabling  a  rather  rapid  estimate  of  the  lower  critical  stress. 

12.4  STRESSED  RING  TESTS 

Douglas  Aircraft  has  recommended  the  use  of  a  statically  loaded  test  ring  with  the  load  applied  through  a 
spacer, 126]  as  depicted  in  Fig.  1.15.  The  ring  specimens  are  normally  taken  from  steel  tubing,  while  the  stressing 
bars  are  usually  machined  from  rectangular  bar  stock.  Rings  are  distorted  by  a  vise  with  rubber  padded  jaws  to 
allow  the  insertion  of  the  stressing  bar.  In  this  manner,  one  obtains  a  load  which  is  maintained  until  the  ring  breaks. 
One  attractive  feature  of  this  specimen,  in  addition  to  its  simplicity,  is  that  it  can  be  plated  or  pickled  under  stress. 
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Fig.  US  -  SfitcW  ring  test  specimen  md  torn  b*r  iOougte  Akatftl. 


A  more  refined  ring  specimen,  called  the  notched  C-ring,  was  designed  by  Williams,  Beck,  and 
Jankowsky  12,27-3! ) ,  ||  can  be  used  to  advantage  under  conditions  in  which  stress  rupture  machine*  tod  other  meth¬ 
ods  requiring  bulky  equipment  are  not  applicable.  This  procedure  has  the  unique  feature  of  being  remote  indicating 
Strain  changes  can  be  recorded  simultaneously  on  numerous  specimens  exposed  at  different  locations. 

One  important  part  of  the  device  consists  of  a  calibrated  loading  bolt .  The  notched  C-ring  specimens,  hence¬ 
forth  called  "ringt",  consist  of  M/4  in.  sections  cut  from  2.0  in.  diameter.  !/8  in.  wall  steel  tubing.  Notches  are  cut 
by  careful  grinding  after  heat  treatment.  Specimen  dimensions  ate  given  in  Fig.  1 .16. 

The  rings  ate  stressed  by  tightening  a  nut  on  (he  trading  bolt.  In  the  majority  of  the  experiments,  a  1/4-28 
AfSI  2330  steel  bolt  was  used,  with  two  SR4  type  AD-7  strain  gages  attached.  To  increase  the  strain,  the  cross 
sectional  atea  of  the  bolt  was  reduced  by  drilling  a  0.224  in.  hole  in  its  center. 
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A  limited  number  of  measurements  were  made  with  a  bolt  of  improved  design  (Fig.  1 .16)  which  consisted 
of  a  1/4-28  bolt  of  2024  aluminum  alloy  with  its  diameter  reduced  to  0.177  in.  over  a  1  in.  length.  A  single  strain 
gage  was  inserted  in  a  1/16  in.  hole  drilled  1-1/2  in.  deep  in  the  center  of  the  bolt.  Identical  results  were  obtained  with 
both  types  of  bolts.  The  advantages  of  the  internally  instrumented  bolt  are:  (1)  the  strain  gage  is  piotected  against 
damage;  (2)  the  bolt  can  be  readily  reused;  and  (3)  errors  from  bending  are  compensated  for  as  effectively  as  using 
two  gages  on  opposite  sides. 

The  strain  gages  attached  to  the  steel  bolt  form  two  arms  of  a  bridge  circuit.  The  other  arms  consist  of  two 
strain  gages  attached  to  a  similar  unstrained  bolt  for  temperature  compensation.  A  schematic  diagram  of  the  electrical 
wiring  is  shown  in  Fig.  1.17. 

The  unbalance  in  the  bridge  circuit  resulting  from  strain  in  the  bolt  was  recorded  by  a  galvanometer-type 
oscillograph.  The  deflections  were  calibrated  in  terms  of  bolt  stress.  An  unnotched  C-ring,  0.075  in.  wail  thickness 
with  a  strain  gage  having  a  1/8  in.  active  length  mounted  at  the  center  of  its  outside  (tension)  surface,  was  loaded 
in  compression  in  a  universal  testing  machine,  and  the  strains  produced  for  various  loads  were  recorded.  The  stresses 
corresponding  to  each  of  these  strains  were  then  calculated.  Fig.  1-18  is  a  plot  of  these  values. 
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Fig.  i.  1$  -  /Vote tied  C-ring  arid  two  types 
of  insuvmcfy  ted  loading  boiit 


Fig.  1. 17  -  Strain  gage  wiring  diagram. 


The  load  required  to  produce  a  given  nominal  sites*  in  a  notched  ring  b  the  iam<  is  that  required  produce 
a  surface  stress  of  the  same  magnitude  in  an  unnufeht  d  ring,  provided  the  section  moduli  are  the  same.  For  rings  of 
equal  diameter,  this  means  that  'he  thickness  of  the  unnotched  ring  must  be  the  tame  as  the  thickness  beneath  the 
root  of  the  notch  in  the  notched  ring.  It  is  then  possible  to  relate  directly  the  maximum  surface  stresses  obtained 
from  toads  on  an  urmotchcd  ting  to  norhinal  notched  ring  stresses  resulting  from  restraining  boll  loads,  and  thus  to 
bolt  stresses  (Fig.  1. 19). 
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Fig.  t.t8- Ring  stms  umvsipplfcd  tout 
luwtOKlHd  Criig,  0.07$  in.  w$U 
ittkknml. 


fig.  1.13  —  Ptot  of  nominal  stress  in  notched 
C-ring  wwsw  bolt  stress. 


To  permit  a  convenient  calculation  of  nominal  stresses  fox  specimens  differing  only  by  the  depth  of  the 
notch  end  the  thickness  of  the  ring,  a  "corrected"  value  for  the  moment  arm,  ww  obtained  by  substituting  the 
stresses  calculated  from  the  measured  mains  and  the  corresponding  applied  toed,  P,  required  to  produce  there  metres 
by  the  formula, 


<M) 


where: 

$  *  the  minimum  nominal  street  parallel  to  the  longituditul  axis  of  the  bstm  *t  the  root  of  the  notch, 
calculated  from  measured  strains. 


P  «  the  applied  toad, 

V  *  the  moment  arm  "corrected"  for  specimen  curvature, 


d  ■  the  thickness  of  the  cross  section  at  the  toot  of  ti  e  notch,  and. 
b  #  the  section  width. 


The  nomuul  stresses  in  the  ring  produced  by  various  loads  computed  from  Equation  (1.1),  were  then  plotted  versus 
she  corresponding  boil  stresses.  The  linear  nature  of  this  plot  is  illustrated  in  Tig.  1.19  and  bolUiresse*  determined 
from  the  otciUogram  were  converted  to  nominal  strew  in  the  ring  using  this  diagrem. 
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Soros  special  specimens,  designed  for  determining  hydrogen  induced  cracking  are  described  in  the  chapters 
.dealing  with  hydrogen  induced  and  controlled  crack  propagation,  hydrogen  embrittlement  in  aqueous  environments, 
and  h,  drogen  embrittlement  in  steel  weldments. 

1.3  IMPORTANT  PARAMETERS  TO  BE  CONSIDERED  IN  HYDROGEN  EMBRITTLEMENT 
TESTS 

i  3.1  LOADING  RATE 

Some  striking  examples  of  the  effect  of  loading  rate  on  hydrogen  embrittlement  measurements  were  pre¬ 
sented  by  Beck  et  al  J32) .  in  general,  ductility  increases  with  increasing  rate  of  bending  for  all  the  indicated  current 
densities  (Pig.  1.20) 'and  charging  times  (Fig.  1.21). 


Rata  of  decrease  in  he-ght,  in, /mm 


Fig.  1.30  -  Effect  of  ('unding  rate  (rat*  of 
deems*  in  /night)  on  ductility  (decreese 
in  fracture  (night  of  column#  soecimen) 
ofSAE  1050  (Rc48)  spring  ittti. 
Hydrogen  Charged  in  10%  tit  OH. 


Fig.  1.21  -  Effect  of  bending  rate  (rate  of  decrease 
in  height )  on  ductility  (decrease  in,  fracture 
height  of  columnar  specimen)  for  different 
charging  times  (SAE  1050 steel  Rc  43). 


This  effect  is  also  seen  in  Fig.  1.22,  where  higher  strain  rate  tests  show  very  little  embrittlement. 

On  the  basis  of  the  effect  illustrated  above,  it  is  understandable  why  high  strain  rate  tests,  such  as  impact 
tests,  are  insensitive  to  hydrogen  embrittlement,  whereas  the  sustained  load  test  with  zero  strain  rate  represents  the 
mwt  sensitive  test.  The  strain  rate  effect  also  explains  why  hydrogen  embrittlement  has  been  called  low  strain  rate 
embrittlement  by  several  investigators. 

Many  more  examples  dealing  with  the  strain  rate  effect  ate  reported  by  f&eai^l . 

U2  TEMPERATURE 


It  has  been  established  that  there  is  comparatively  little  occurrence  of  hydrogen  embrittlement  at  relatively 
low  and  high  temperatures.  However,  there  is  a  high  occurrence  in  an  intermediate  range  of  temperatures  including 
room  temperature.  The  reason  for  this  phenomenon  is  the  lew  diffusion  rate  of  hydrogen  at  low  temperatures  and 
its  high  rate  of  out-diffusion  at  elevated  temperatures.  The  following  two  figures  strikingly  illustrate  these  facts!  *5| , 
Fig.  1 .23  shows  the  effect  of  lest  temperature  on  time  to  ftacture  of  notched,  hydrogen  charged  specimens, 
and  >  linear  dependency  of  (he  logarithm  of  iraclure  time  on  test  temperature,  indicating  reasonably  linear  Arrhenius 
plots. 
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Fig.  1.22  -  Relationship  between  reduction  in 
area  and  true  strain  rate  for  high  strength 
steel  test  bars  containing  more  than  6  ppm 
of  hydrogen  (Vacuum  extracted  at  1000C). 


Fig.  1.23  -  Fracture  time  versus  test  temperature 
for  sharp  notched  specimens  for  different 
aging  times  and  applied  stresses.  AISI4340 
steel  1 230  ksi!  charged  for  S  min  at  20 
mA/in ?  in  4%  H2SO4. 


Accelerated  hydrogen  diffusivity  as  reflected  in  the  lessening  of  the  reduction  in  bend  deflection  134)  with 
rising  temperature  of  the  test  solution,  is  depicted  in  Fig.  1 .24,  Thus,  at  higher  solution  temperatures,  the  quantity  of 
absorbed  hydrogen  drops  and  ductility  is  recovered  accordingly. 


1.3.3  NOTCH  ACUITY 

A  review  of  the  comprehensive  work  done  in  this  field  at  Case  Institute  of  Technology,  and  by  Sachs  and 
collaborators  has  been  made  by  Elsea  et  al(33J.  Results  typical  of  hydrogen  embrittlement  were  obtained  by 
Sachs (35]  on  high  strength  AISI  4340  steel,  and  vanadium  modified  4340  steel,  bright  cadmium  plated  to  standard 
procedures .  These  studies  deal  with  the  fracture  strength  at  100  hours  of  sustained  loading.  The  fracture  strength  de¬ 
creased  sharply  (from  275  to  100  ksi  as  Kt  was  increased  from  1  to  5.  Increasing  Kt  up  to  about  1 1  did  not 
accomplish  a  further  decrease  in  fracture  strength  below  that  determined  at  Kt  =  5. 

Johnson (36)  has  recently  presented  some  results  on  the  effect  of  notch  root  radius  on  delayed  fracture  of 
cadmium  plated  high  strength  (260-280  ksi)  AISI  4340  steel.  The  marked  incsoase  in  failure  time  at  the  lower  critical 
stress  with  increasing  notch  root  radius  from  0.0001  to  0.025  in.  is  illustrated  in  Fig.  1 .25 


Temperature  of  solution,  deg  C 
Fig.  1.24  -  Effect  of  hydrogen  charging  solution 
temperature  on  fracture  deflection  of 
AISI  4340  steel  charged  for  30  min 
at  10  mA/cm*  in  a  0.01  M  NaOH 
+  0.02  M  NaCN  solution. 


Fig.  1.2S  -  Delayed  failure  curves  lor 
specimens  of  various  notch  root  radii 
Cd plated  ( 0.0005  In.)  AISI  4340 
steel  260-280  ksi  strength  level. 
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Fig.  1.26  depicts  the  dependency  of  notch  tensile  strength  (NTS)  end  failure  time  on  notch  radius  [37) . 
Increase  of  the  radius  from  less  than  0.001  to  about  0.003  in.  brings  about  a  rapid  rise  in  notch  tensile  strength  and 
failure  time.  Further  increase  of  the  notch  radius  has  a  relatively  small  effect. 


1.3.4  GRAIN  ORIENTATION 

Very  little  work  has  been  done  in  this  domain.  Some  recently  published  studies  by  Hughes  et  al.PS]  are 
reproduced  in  Fig.  1.27. 


Fig.  1.26  -  Effect  of  notch  radius  on  notch  tensile 
strength  and  delayed  failure  characteristics 
ofSQOMsteei,  220 ksi  strength  level  at  68  F. 


Tim  lotoUwt.Mw 


Fig.  1.2'/  -  Comparison  of  susceptibility  to  cracking 
for  three  grain  directions  of  the  unnotched 
107  tons/in 2  (267  ksi)  steel  specimens 
stressed  in  3%  fiteCI  solution. 


The  measurements  were  performed  with  tow  alloy  steel.  Unnotched  specimens  were  subjected  to  dead 
weight  loading  and  exposed  to  a  3.0%  NaCl  solution.4  Cracking  susceptibility,  as  determined  by  delayed  fracture 
measurements,  was  significantly  greater  in  the  short  transverse  than  in  the  longitudinal  direction.  The  results  obtained 
for  the  long  transverse  direction  show  that  its  susceptibility  is  between  those  of  the  other  two  grain  directions. 
However,  taking  into  account  the  differences  in  the  inherent  ductilities  between  the  unexposed  longitudinal  and 
transverse  specimens,  respectively,  these  results  do  not  appesr  to  indicate  differences  in  hydrogen  embrittlement 
susceptibility  unequivocally  as  a  result  of  differences  in  directionality)39) .  Appreciable  differences  in  susceptibility 
to  delayed  brittle  failure  may  only  reflect  the  superior  mechanical  behavior  of  the  unplated  longitudinal  material,  a 
phenomenon  which  actually  has  nothing  to  do  with  hydrogen  embrittlement. 


‘Failures  In  these  experiments,  probably  resulted  from  stress  corrosion  cracking.  The  effects  of  grain  direction  is 
considered  the  tame  for  both  stress  corrosion  cracking  and  hydrogen  stress  cracking  for  most  martensitic  steels. 
These  experiments,  therefore,  serve  to  illustrate  the  effect. 
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1.3.5  SPECIMEN  SIZE 


Work  dons  in  this  field  is  rather  limited.  Elsea  made  studies  which  showed,  that  the  failure  time  of  embrittled 
smooth  specimens  increases  with  increasing  size  HO) .  He  later  made  a  detailed  report  of  the  effect  of  specimen 
size  [33]. 

According  to  studies  performed  by  Sachs  [35],  notch  strength  is  raised  with  increasing  section  size,  and 
susceptibility  to  sustained  load  failures  of  hydrogen  charged  specimens  decreases  accordingly. 

Davis  and  Gray  Hi]  worked  with  centrally  notched,  cylindrical,  low  alloy  steel  specimens  (Kt  =  3.2)  with 
an  ultimate  tensile  strength  of  269  ksi.  The  specimens  were  baked  for  24  hours  after  cadmium  plating.  The  sizes  of 
the  sustained  load  test  bars  were  1/4  in.  and  1  in.  diameter,  measured  on  the  reduced  section.  In  general,  the  smaller 
test  pieces  were  slightly  more  embrittled  than  the  larger  ones. 

The  effect  of  section  size  on  the  rate  of  recovery  from  hydrogen  embrittlement  is  of  great  interest  from  a 
practical  standpoint,  This  problem  will  be  discussed  in  detail  in  a  later  section. 

1.3.6  STRENGTH  LEVEL 

As  described  in  the  literature,  the  resistance  of  statically  loaded,  hydrogen  containing  high  strength  steel  to 
delayed  brittle  fracture  decreases  rapidly  with  increasing  strength  level[35]  after  a  limiting  value  has  been  exceeded. 
The  practical  importance  of  this  phenomenon  is  vividly  illustrated  by  the  tact  that  the  demand  for  steels  of  higher 
and  higher  strength  level  for  weight  saving  in  the  aircraft  and  missile  industry  is  increasing  rapidly. 

The  following  results  were  taken  from  other  recent  publications.  Fig.  1 .28  illustrates  that  by  increasing  the 
ultimate  tensile  strength  of  the  material  above  is  limiting  value  of  88  tons/in2  (194  ksi)  a  rather  marked  reduction  in 
the  rupture  strength  of  hydrogen  embrittled,  unnotchcd  AISI 4340  steel  specimens  takes  place[38] .  (Specimens  were 
embrittled  in  0.1N  hydrochloric  acid.  Corrosive  effect  of  the  acid  was  disregarded.) 

The  effect  of  specimen  hardness  on  delayed  brittle  failure  was  investigated  by  AHrcad  and  Robinson [25], 
The  results,  plotted  in  Fig.  1.29,  show  distinctly  the  effect  of  hardness  on  the  critical  stress  applied  to  a  notched 
specimen  (0,01  in.  root  radius)  of  low  alloy  steel. 
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Fig.  1,28  -  Effect  of  strength  level  and  applied 
stress  on  time  delay  to  failure  of  unnotched 
steel  specimens  stressed  in  longitudinal 
direction  in  0.  IN  HC1  solution. 
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Fig.  1.29  -  Effect  of  hardness  on  susceptibility 
to  hydrogen  cracking  for  three  medium  high 
carbon  steels.  Notch  radius  0.01  in., 
cyanide  cadmium  plate  0.0005  in. 
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Critical  stress  in  Fig.  1.29  is  the  highest  stress  the  specimen  can  carry  for  24  hours  without  fracturing.  The 
specimens  were  plated  with  cadmium  from  a  cyanide  bath  preceded  by  a  short  time  cathodic  treatment  in  dilute 
sulfuric  acid.  The  curves  showed  similar  trends,  a  sharply  descending  branch  followed  immediately  by  an  ascending 
branch (35) .  The  well  defined  minimum  is  located  at  Rc  SO. 

Another  example  of  the  effect  of  strength  level  is  given  in  Fig.  1.30,  in  which  the  effect  is  illustrated  by 
means  of  ductility  measurements  on  half  ring  bend  specimens  [42] . 

It  is  interesting  to  note  that  the  loss  in  ductility  was  nearly  constant  at  all  strength  levels,  but  that  this  loss 
amounts  to  a  much  lower  percentage  of  the  total  ductility  of  materials  heat  treated  to  180  ksi  than  material  at  the 
260-280  ksi  level. 

Additional  instructive  examples  dealing  with  the  effect  of  strength  level  on  susceptibility  to  delayed  failure 
can  be  found  in  the  report  by  Elsea  et  al.  [33] . 
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Fig,  1.30  -  Effect  of  various  strength  levels  on  fracture  deflection  for  untreated,  cyanide  cadmium 
plated  and  cyanide  cadmium  pla  ted  and  baked  A ISI 4340 steel. 
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CHAPTER  2 

THE  DETERMINATION  OF  HYDROGEN  IN  STEEL 
AND  RELATED  TOPICS 

This  chapter  is  devoted  to  a  description  and  analysis  of  some  of  the  methods  suggested  for  the  determina¬ 
tion  of  hydrogen  in  steel  and  associated  problems,  such  as  the  storage  of  hydrogen  charged  specimens,  hydrogen 
standards,  and  the  correlation  of  hydrogen  content  with  hydrogen  embrittlement. 

2.1  METHODS  FOR  THE  DETERMINATION  OF  HYDROGEN 

Commonly  used  methods  of  hydrogen  analysis  are  solid  state  hot  vacuum  extraction,  vacuum  fusion, 
vacuum-tin  fusion  and  thermal  conductivity.  The  first  three  analytical  methods  are  described  thoroughly  in  the 
literature!  1*3]. 

2.1.1  HOT  VACUUM  EXTRACTION 

A  convenient  set-up  for  hydrogen  analysis  called  the  LECO  hydrogen  analyzer  is  commercially  produced  in 
this  country  by  Laboratory  Equipment  Corporation  in  St.  Joseph  Michigan.  In  this  instrument,  the  hydrogen  is 
extracted  along  with  carbon  monoxide  and  nitrogen  by  a  combination  of  heat  and  vacuum,  and  the  total  gas  pres¬ 
sure  is  determined.  Hydrogen  is  converted  by  copper  oxide  to  water  and  is  absorbed  in  an  anhydrone  column.  The 
pressure  of  the  remaining  gas  mixture  is  then  determined.  The  difference  between  the  total  gas  pressure  and  that 
produced  by  the  mixture  (CO  +  N2)  is  the  pressure  due  to  hydrogen.  This  difference  is  converted  to  concentration 
by  standard  conversion  factors. 

2.1.2  THERMAL  CONDUCTIVITY 

Analysis  of  the  evolved  gases  for  hydrogen  by  means  of  thermal  conductivity  has  definite  advantages  as 
compared  with  other  vacuum  extraction  methods.  The  advantages  arc  that  it  eliminates  the  often  questionable  con¬ 
version  of  hydrogen  to  water  vapor  in  the  copper  oxide  furnace,  simplifies  the  apparatus,  and  increases  the  speed 
of  analysis.  A  properly  prepared  and  weighed  specimen  can  be  analyzed  in  only  10  minutes  with  an  approximate 
error  of  +0.12  ppm  of  hydrogen.  Another  thermal  conductivity  method  using  a  carrier  gas  (similar  to  gas  chroma¬ 
tography  for  the  analysis  of  hydrogen  in  weldments  is  described  in  detail  in  Chapter  8). 

Chipman  et  al.HI  modified  the  classical  vacuum  tin  fusion  technique  by  replacing  the  copper  oxide  fur¬ 
nace,  the  freeze  out  traps  and  the  gas  circulating  components  by  a  conductivity  cell ,  a  conductivity  measuring  bridge, 
and  a  mixing  chamber.  These  investigators  used  a  sensing  element  consisting  simply  of  a  platinum  wire  suspended  in 
the  corner  of  the  celt.  The  current  needed  to  maintain  the  wire  at  a  specified  temperature  is  determined  by  the  rate 
of  heat  exchange  between  the  wire  and  the  volume  of  the  surrounding  gas.  The  current  is  determined  by  means  of  a 
bridge  circuit  and  Is  a  measure  of  the  thermal  conductivity  of  the  gas. 

Tito  gas  extracted  from  steel  is  essentially  a  mixture  of  hydrogen,  nitrogen  and  carbon  monoxide.  The  hy¬ 
drogen  content  normally  exceeds  that  of  the  other  gases  by  about  SO  percent.  The  thermal  conductivities  of  carbon 
monoxide  and  nitrogen  arc  practically  identical  while  that  of  hydrogen  is  about  seven  times  greater  than  that  of  the 
other  gases.  The  thermal  conductivity  of  the  gasous  mixture  (H2,  Nj  and  CO),  at  a  known  pressure  and  temperature 
can  then  be  related  directly  to  the  percentage  of  hydrogen  by  suitable  calibration  of  the  cell.  The  same  principle  is 
used  in  the  catiiaromcter,  which  is  described  in  the  chapter  dealing  with  hydrogen  embrittlement  in  weldments. 

2.1.5  ELECTROMETRIC  TITRATION 

Hydrogen  can  ulso  be  determined  by  electrometric  methods  1^1 .  The  hot  extracted  hydrogen  b  carried  by 
means  of  argon  gas  to  a  furnace  containing  hot  cop|>cr  oxide,  where  it  b  oxidized  to  water,  which  b  passed  over 
carbon  forming  carbon  monoxide  and  oxidized  to  carbon  dioxide.  The  carbon  dioxide  is  absorbed  in  an  alkaline 
solution,  and  the  quantity  of  hydroxide  necessary  to  restore  the  original  pH  is  determined  elcctromctrically  and  the 
quantity  of  extracted  hydrogen  calculated.  The  advantage  of  this  method  is  its  simplicity  and  speed. 

Another  technique  for  (lie  determination  of  hydrogen  based  on  polarogruphy,  was  suggested  by  Franklin 
and  Franklin ....  ^ 
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2.1.4  THE  LAWRENCE  HYDROGEN  DETECTION  GAGE 


Another  hydrogen  determination  method  using  the  Lawrence  hydrogen  detection  gage  (LHDG)  is  based  on 
pressure  measurements  using  an  ionization  gage  [7-9 ] ,  Current  applications  are:  (1)  monitoring  hydrogen  pick-up 
by  metals  during  plating  or  processing  procedures  used  for  activating,  pickling,  cleaning,  and  paint  stripping,  (2)  de¬ 
termining  the  permeability  of  plating  to  hydrogen,  and  (3)  measuring  hydrogen  formed  by  corrosion  processes.  The 
instrument  is  comprised  of  a  probe  (a  metal  vacuum  tube),  electroplating  power  sources,  electronic  controls  for  the 
different  functional  components,  integrator,  probe  clean-up  capability,  a  temperature  controlled  oven  and  a  recorder. 
The  probe  and  associated  electronics  are  the  heart  of  the  instrument. 

The  probe  or  sensing  element  is  used  as  an  ionization  gage  for  measuring  hydrogen  pressures  between 
10'3  and  10^  torr.  The  gage  contains  an  electron  emitting  filament,  grids  that  serve  as  anodes,  and  an  ionization 
plate  that  collects  positive  ions  formed  by  the  bombardment  of  residual  gases  by  electrons  emitted  by  the  filament 
and  collected  by  the  grids.  When  the  electron  emission  current  and  the  potential  of  grids  and  collector-plate  are 
maintained  at  fixed  values,  the  relationship  between  pressure  and  ionization  current  can  be  considered  sufficiently 
linear  for  measurement  of  hydrogen  pressure.  Since  the  only  gases  which  can  permeate  the  steel  shell  at  temperatures 
below  500  C  are  hydrogen  and  its  isotopes,  the  instrument  provides  a  powerful  tool  for  the  determination  of  hydro¬ 
gen.  A  block  diagram  is  depicted  in  Fig.  2.1 . 

The  probe  is  used  as  the  experimental  specimen  for  each  run.  For  example,  if  the  hydrogen  embrittling 
characteristics  of  a  plating  bath  are  to  be  evaluated,  the  probe  is  plated  and  the  hydrogen  generated  during  the 
process,  which  1  as  entered  the  probe  is  measured.  Calibrations  are  performed  in  a  NaOH/NaCN  solution  by  cathod- 
ically  charging  the  probe  with  hydrogen. 

After  hydrogen  charging  (calibration,  plating,  etc),  the  probe  is  washed,  dried,  and  placed  in  the  LHDG 
oven  at  208  C.  The  use  of  a  temperature  controlled  oven  is  to  increase  the  sensitivity  and  precision  of  results.  The 
ionization  gage  measurement,  as  noted  on  the  recorder  tracing,  shows  a  rapid  increase  to  a  hydrogen  peak  (HP) 
reading  followed  by  a  decrease.  This  reading  is  proportional  to  the  hydrogen  absorbed  by  the  probe  and,  therefore, 
is  not  equal  to  the  total  hydrogen  generated.  A  recorder  tracing  of  a  calibration  run  showing  hydrogen  peak  (pressure 
in  arbitrary  units)  vs.  time  is  givon  in  Fig.  2.2. 


Fig.  2.1  -  Block  diagram  of  Lawrence  hydrogen 
detection  gage  end  accessories. 


Tim«,sec. 

Fig.  2.2  -  Typical  plot  of  hydrogen  pressure, 
HP  Peek  in  arbitrary  units  versus  time.  The 
ascending  branch  indicates  hydrogen  input 
while  the  descending  branch  shows 
hydrogen  output  lout  diffusion  and 
gettering  at  rectal. 


A  permeability  factor,  A.  can  be  determined  front  the  recorder  tracing.  This  factor  for  the  shell  and  the 
plated  metal  coaling  is  calculated  as  the  half-iifc  of  the  pressure  peak,  which  is  the  time  interval  from  HPmax/2 
during  tiic  outgassing  period. 


The  effect  of  the  type  of  cadmium  plating  and  its  thickness  on  HP  peak  and  on  the  permeability  factorial 
is  impressively  shown  in  Table  2.1 . 

TABLE  2. 1  -  LAWRENCE  HYDROGEN  DETECTION  GAGE  MEASUREMENTS  FOR  DULL  (POROUS)  AND 

BRIGHT  (DENSE)  CADMIUM  PLA  TE 


Average  Plating  Thickness 

HP  Peak 

Permeation  Factor 

Mil 

Dull 

Bright 

Dull 

Bright 

0.045 

24 

320 

46 

45 

0.110 

60 

1827 

47 

68 

i 

The  hydrogen  concentration  in  the  steel  wall  of  the  probe  as  indicated  by  the  HP  peak  represents  a  relative 
value.  A  definite  advantage  of  the  procedure  is  that  it  is  rather  simple  and  requires  a  short  testing  time.  A  disadvan¬ 
tage  is  the  limited  life  of  the  tubes  (so  far  only  available  in  steel).  In  the  current  design,  a  paint  coating  is  used  at  the 
probe  base,  which  may  interact  with  agressive  materials  subjected  to  hydrogen  testing.  This  interaction  may  result 
in  paint  destruction  and  even  hamper  the  proper  functioning  of  the  probe.  Limited  data  obtained  to  date  indicate 
that  the  instrument  appears  to  have  good  reproducibility  and  sensitivity.  The  use  of  this  method  for  correlating 
hydrogen  content  with  hydrogen  embrittlement  is  discussed  in  section  2.2.3. 

2.1.5  ELECTROCHEMICAL  HYDROGEN  PERMEATION 

The  electrochemical  hydrogen  permeation  methodH  1 1 ,  developed  some  years  ago,  offers  a  powerful  tool 
for  the  exploration  of  the  problem  of  correlating  hydrogen  absorption  with  hydrogen  embrittlement.  The  experi¬ 
mental  set-up,  used  in  these  permeation  studies,  consists  essentially  of  two  compartments  containing  the  electrolytes 
which  are  separated  by  a  thin  metal  membrane.  The  hydrogen  produced  on  one  side,  e.g.,  by  cathodic  polarization 
permeates  the  membrane  and  is  ionized  on  the  diffusion  (anodic)  side,  by  maintaining  a  constant  anodic  potential. 
A  schematic  is  given  in  Fig.  2.3. 


Pig •  2.3  -  A  tchematk  of  the  experiment*/  tot-up  for  meoturing  hydrogen  permeation  currents 
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In  this  method,  the  hydrogen  concentration  on  the  surface  of  the  polarization  side  is  constantly  maintained 
at  a  maximum  concentration  C0,  while  on  the  diffusion  side  it  is  maintained  at  zero  concentration.  Cl,  where  L  is 
the  membrane  thickness, 

The  permeation  method!^]  gives  essentially  two  parameters  the  change  in  current  with  time  (transient) 
and  the  steady  state  hydrogen  permeation  current  (Jqq).  The  hydrogen  diffusion  coefficient  (Oh)  can  be  calculated 
from  these  parameters.  The  complete  hydrogen  concentration  profile  in  the  membrane  can  be  calculated  at  any 
instant  after  initiation  of  cathodic  polarization  by  the  following  equation. 


J«,  L 

C°  '  °L  =  DhFZ 
F  =  Faraday 

Z  -  number  of  electrons  involved  in  the  reaction 
F  =  Thickness  of  the  membrane,  cm 


(2.1) 


The  maximum  hydrogen  concentration,  Co,  as  indicated  by  the  above  stated  boundary  conditions  can  be 
calculated  from  the  above  equation  (when  Cl  3  0).  The  hydrogen  profile  is  obtained  from  this  equation  for  all  con* 
ditions  where  Cl  ^  0.  Hydrogen  can  of  course  also  be  generated  by  acid  pickling  or  by  contact  of  the  steel  with  a 
more  anodic  metal,  conditions  which  can  easily  be  reproduced  in  the  permeation  cell. 

These  are  rather  singular  cases  and  it  would  be  of  much  greater  practical  importance  to  obtain  the  quantity 
(><  tydrogen  introduced  into  steel  during  electroplating,  because  it  is  this  hydrogen  which  induces  the  embrittlement. 


2.1.6  LESS  COMMON  METHODS  FOR  MEASURING  HYDROGEN 

A  number  of  investigators  determined  hydrogen  permeation  through  a  thin  steel  mcmbrance  by  means  of 
amanometric  method.  This  method  suffers  from  lackof  sensitivity  and  can  only  be  used  when  the  hydrogen  concern 
Itiljon  in  the  specimen  exceeds  1  ppm.  Another  drawback  will  be  discussed  in  a  later  section.  Recently,  Troiano  et 
sj  [13,  .4 I  determined  the  r$ie  of  hydrogen  evolution  on  the  diffusion  side  of  a  cathodically  charged  austenitic 
stainless  steel  membrane  by  this  method.  The  experimental  circumstances  prevailing  in  this  permeation  experiment 
meet  the  conditions  for  hydtogen  entry,  a  prerequisite  for  hydrogen  embrittlement.  Hydrogen  in  charged  alpha  iron 
in  “true  solid  solution”  was  measured  by  Lord  et  al.M^I  by  means  of  ultrasonic  attenuation  (I  ppm  or  less). 

22  PROBLEMS  ASSOCIATED  WITH  HYDROGEN  ANALYSIS 

2.2.1  HYDROGEN  STANDARDS 

In  spite  of  the  high  sensitivity  of  most  of  tire  analytical  procedures  just  described,  appreciable  fluctuations 
in  the  results  of  hydrogen  determinations  due  to  a  lack  of  reliable  standards  presented  serious  problems  to  investiga¬ 
tors.  It  was  not  possible  to  distinguish  between  analytical  and  sampling  errors  in  hydrogen  analysis,  and  the  possibil¬ 
ity  of  taking  full  advantage  of  the  results  of  analytical  hydrogen  determinations  for  hydrogen  embrittlement 
studies  was  seriously  hampered.  Hydrogen  analysis  presents  a  problem  unique  in  the  field  of  metallurgical  gas 
analysis  because  of  the  high  solubility  and  dlffusivity  of  hydrogen  in  steel  over  a  wide  range  of  temperatures.  Despite 
formidable  handicaps,  reliable  steel  standards  for  hydrogen  determination  were  produced  recently  by  the  British 
Welding  Research  Association,  Cambridge  H 6 1  and  wilt  be  of  great  value  in  alleviating  the  problem  of  unreliable 
standards. 

Steel  standards  were  prepared  with  precisely  known  hydrogen  contents,  using  an  encapsulation  technique. 
Since  the  hydrogen  content  of  the  capsules  remains  constant  indefinitely  at  room  temperature,  and  since  the  hydro¬ 
gen  level  is  predetermined  independently  of  analytical  techniques,  the  specimen  can  be  used  to  advantage  as  standard* 
in  hydrogen  gas  analysis.  By  heating  lire  container  to  650  C,  a  small  but  significant  proportion  will  be  dissociated  and 
the  atomic  hydrogen  formed  wilt  thus  he  ftee  to  diffuse  through  the  steel  wall.  The  outward  diffusion  will  continue 
as  long  as  a  concentration  gradient  exists  throughout  the  wail  thickness.  A  prerequisite  of  hydrogen  standard  design 
is,  therefore,  the  scaling  of  a  precisely  known  volumeof  the  gain  an  appropriate  steel  container.  The  British  research 
group  succeeded  in  solving  the  problem  by:  (I)  determining  precisely  the  volume  of  hydrogen  gas  enclosed  in  a 
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cylindrical  steel  container;  (2)  sealing  the  container  in  such  a  manner  that  none  of  the  enclosed  gas  is  lost  either 
before,  during,  or  after  the  sealing  operation.  The  recepticle  consists  of  a  short  cylindrical  thin  walled  tube  of  low 
carbon  mild  steel,  closed  by  a  spherical  ball  lid  made  of  18*8  stainless.  The  volume  of  the  container  and  hence  of 
hydrogen  is  varied  by  changing  the  diameter  of  the  cylinder.  The  capsule  is  sealed  by  means  of  an  appropriate  resis¬ 
tance  welding  technique.  Welding  is  completed  in  40  to  100  milliseconds,  thus  reducing  the  risk  of  losing  gas  from 
the  capsule  to  a  minimum. 

Coe recently  developed  another  encapsulation  technique,  which  is  predominantly  used  in  welding. 


2.2.2  SAMPLE  STORAGE  MINIMIZING  HYDROGEN  LOSS 


It  is  well  known  that  specimens  containing  hydrogen,  introduced  by  any  type  of  charging  procedure  lose 
hydrogen  when  stored  at  room  temperature.  The  rate  of  hydrogen  loss  is  determined  by  a  number  of  variables, 
particularly  composition,  temperature,  storage  time,  and  to  a  degree,  specimen  size.  For  studies  involving  hydrogen 
analysis,  where  as  a  rule  a  great  number  of  specimens  are  charged  under  the  same  conditions,  the  problem  of 
storing  the  test  samples  without  losing  hydrogen  becomes  crucial.  Since  the  hydrogen  diffusion  rate  is  slowed  down 
with  decreasing  temperatures,  it  has  been  suggested  that  the  specimens  be  stored  in  an  appropriate  cooling  medium 
and  analyzed  as  quickly  as  possible  after  their  removal.  Typical  resultsl  arc  plotted  in  Fig.  2.4 
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Figure  2.4  shows  llul  it  is  not  safe  to  keep  the  specimens  at  room  temperature,  because  live  hydrogen  con¬ 
tent  gradually  decreases  Storage  in  an  ice-water  mixture  shows  some  improvement  as  compared  with  mom  temper¬ 
ature  slot-ge.  Tlte  results  plotted  in  the  diagram  indicate  that  the  specimens  cannot  be  stored  even  erne  day  at  a  tem¬ 
perature  of  0  deg.  C,  without  lining  mi  appreciable  portion  of  itieir  hydrogen  content.  Storage  in  a  diy  ice-acetone 
mixture  (-78  C)  is  satisfactory  for  periods  up  to  6  days.  If  samples  arc  to  be  stored  for  as  long  as  a  week  or  mitre, 
they  must  be  kept  in  liquid  nitrogen  (-1%  C).  Tito  width  of  the  scatter  band  gives  an  imlicalionof  the  reproduci¬ 
bility  of  this  type  of  measurement, 


2.2  J  CORRELATING  HYDROGEN  CONTENT  WITH  HYDROGEN  EMBRITTLEMENT 


Comparatively  little  work  has  been  done  in  this  domain.  Predictions  of  embrittlement  using  the  Lawrence 
gage  (section  2.1.4)  requite  correlation  of  lire  determined  HP  peak  produced  by  a  specific  treatment,  with  any 
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mechanic*!  embrittlement  test  on  specimens  subjected  to  the  same  treatment.  The  effect  of  this  specific  treatment 
on  hydrogen  embrittlement  may  then  be  predicted  by  HP  peak  measurements.  The  Douglas  stressed  ring 
test! *9. 20]  has  been  used  successfully  to  correlate  HP  peak  measurements  with  hydrogen  embrittlement. 

Seabrook  et  al.H®  J  correlated  reduction  in  area,  determined  on  cathodicaily  charged  SAE  1020  steel  sped* 
mens,  with  their  hydrogen  content  obtained  by  the  vacuum*tin  fusion  method.  Results  are  plotted  in  Fig.  2 .5. 


Hydrogen  content, ppm  Hydrogen  content, ppm 


Fig.  25  ~  Ft  fact  of  varying  hydrogen  content  on  the  mail*  ductility.  SAB  1020 steel  cathodicatly 
charged.  Rate  of  getting,  O.OS  in.Anin,  Data  *rt  thorn  (or  rests  perforated  3  min.  trim  dunging 
and  after  24  Hours  aging  at  room  temperature. 

This  plot  shows  ductility  dropping  sharply  with  hydrogen  content  increasing  up  to  about  A  ppm.  These 
results  indicate  a  definite  relationship  between  embrittlement  ami  quantity  of  hydrogen  charged  into  the  test  bar. 
Aged  specimens  fit  essentially  the  same  curve  as  that  of  the  unaged  bars.  So  far  i.  b  not  certain  if  the  above  relation* 
ship  for  1020  steel  holds  for  othe  r  steels, 

Figure  2.6  is  a  good  example  of  the  effect  of  the  “residual  hydrogen"  in  cast  steel  on  hydrogen  embrittle* 
ment.  The  hydrogen  quantity  retained  in  die  ingot  I- H  depends  on  variations  in  melting  technique  and  hydrogen 
segregation .  The  samples  were  'aken  from  three  positions  in  the  ingot.  The  hydrogen  was  determined  by  vacuum  ex* 
traction  at  1050  C  and  is  reported  as  relative  volume,  which  represents  the  quantity  of  hydrogen  which,  when 
measured  at  ST?  occupies  the  same  space  as  the  quantity  of  steel  aiulywd.  provided  the  sample  is  free  of  pores. 

The  relative  volume.  RV.  h  i  2.72  en»3  of  hydrogen  per  100  g  of  steel.  The  true  breaking  stress  is defined  as 
the  maximum  load  divided  by  the  final  reduced  area.  This  stress  may  he  considered  a  true  measure  of  ductility  and, 
therefore,  the  curves  show  clearly  increasing  low  in  ductility  of  aged  and  normalised  test  bars  with  increajfesg  hydro* 
gen  content.  Apparently  the  trends  of  the  curses  are  primarily  determined  by  the  thermal  treatments. 

Hobson  and  Sykes  1“’ I  found  that  large  spatial  variations  m  the  tesiduai  hydrogen  content  of  large  forgings 
increased  witli  decreasing  sample  sire. 

The  next  example  is  an  attempt  to  correlate  the  so-called  “mobile  hydrogen"  with  the  delayed  falmre 
behavior  of  a  steel  alloy.  According  to  Brittain  I  ®-m  it  is  not  the  total  hydrogen  obtained  at  highrxItacUon  tempera* 
tore  which  causes  embrittlement,  but  rather  that  portion  extracted  at  a  temperature  at  tow  as  350  C  (the  “mobile 
hydrogen").  The  steel  was  cyanide  cadmium  plated,  baked,  and  the  delayed  brittle  failure  performance  inveuigated 
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under  sustained  loads.  After  removal  of  the  cadmium  plating,  the  “mobile  hydrogen”  was  determined  on  the  ends  of 
the  broken  notched  tensile  specimens. 

The  next  figure,  Fig.  2.7  shows  the  effect  of  the  “mobile  hydrogen”  on  stress  rupture  time.  At  first  glance, 
it  appears  amazing  that  a  hydrogen  concentration,  as  lew  as  that  determined  with  these  specimens  is  sufficient  to 
induce  embrittlement.  This  problem  will  be  discussed  in  greater  detail  later  in  this  chapter. 
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Fig.  2.6  -  Effect  of  "residual  hydrojen"in  out 
suet  bars  on  the  true  breaking  streu  Data  are 
presented  for  bars  aged  at  360  C  for  25  hours 
and  tor  bars  normalized  at  890  C  and  cooled 
for  2  hours  in  still  air.  Specimens  mre  taken 
from  three  different  locations  in  the  ingot. 

Beck  in  conjunction  with  Devanathan  and  Stachurskfl  *  *  I  demonstrated  that  by  skillful  use  of  the  per¬ 
meation  method  important  information  about  the  relationship  between  hydrogen  absorption  and  embrittlement 
can  be  obtained.  They  were  interested  in  finding  the  reason  for  the  drastic  change  in  embrittlement,  related  to 
changes  in  the  composition  of  cadmium  (dating  baths. 

Ttiey  used  appropriate  model  solutions  to  record  permeation  transients  to  determine  the  cause  of  the  above 
findings-  The  inode!  solutions  approximated  tire  standard  (dating  baths.  i.e.,  they  had  a  corresponding  pH  and  corn- 
plexing  agent  but  did  not  contain  cadmium.  Hydrogen  permeation  measuo-ments  indicated  that  the  hydrogen  con¬ 
centration  in  the  specimen  o  profouttdly  affected  by  preferentially  adsorbed  coniplexlng  agents. 

Reported  in  the  literature  are  tensile  and  bend  ductility  measurements  on  high  sttength  steel  specimens, 
plated  with  cadmium  from  the  conventional  cyanide  bath,  a  (luobotale  bath,  and  an  amino  butyric  acid  bath,  Also 
available  are  sustained  load  delayed  failure  measurements  on  cadmium  (dated  notch  tor»-.iofl  specimens  and  average 
survival  times  of  cadmium  (dated  specimens,  which  bud  c  in  less  than  I  DO  hours  under  sustained  loads  of  75  percent 
of  the  NTS  of  the  un plated  test  bars.  However,  the  number  of  available  embrittlement  measurements  on  c.g.  ultra 
strength  A!$l  4340  steel  cadmium  plated  from  the  above  mentioned  three  plating  baths  ate  too  limited  to  permit  a 
statistical  correlation.  Therefore,  an  attempt  Was  nude  to  correlate  embrittlement  results  by  means  of  a  histogram. 

Tire  plots  were  made  m  such  a  manner  dial  the  steady  state  permeation  current  determined  for  (heCN 
containing  solution  was  set  locqual  100  percent  absorption  of  hydrogen.  The  calculation  d  the  absorption  was  nude 
from  the  hydrogen  permeation  currents  for  the  other  two  model  solutions  and  was  based  «*r  this  value. 

The  differences  in  measurements  obtained  «n  unplafcJ  specimens  and  those  on  c.  anidc  cadmium  platcJ 
test  ban  of  A1S1  4340  steel  from  slow  rate  fracture  deflection,  tensile  ductility  measurements,  and  tlte  fracture 


Fig.  2.7  -  Effect  of  "mobile  hydrogen"  on 
the  stress  rupture  behavior  of  notched steet 
specimens  13%  Cr*  1%  Mol.  The  applied 
load  ms  200  to  250  hi.  Specimens  wer  e 
cyanide  cadmium  plated  and  baked  tor 
2  hours  at  200  C. 
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stress  after  100  hours  under  sustained  load  of  75  percent  of  the  unplated  NTS  were  set  equal  to  100.  The  results  of 
corresponding  mechanical  measurements  on  specimens  plated  with  cadmium  from  the  fluoborate  and  amino  butyric 
acid  baths  were  then  related  percentage  wise  to  these  determined  on  cyanide  cadmium  plated  test  bars  as  described 
above. 

The  results  of  above  described  computations  are  presented  in  the  histogram,  Fig.  2.8,  which  strikingly 
demonstrates  the  intimate  relationship  between  hydrogen  absorbed  in  the  structure  of  the  steel  diaphragm  and  the 
susceptibility  to  brittle  fracture  of  the  cadmium  plated  steel,  determined  by  any  one  of  the  three  different  mechani¬ 
cal  tests. 
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Fig.  2.8  -  Hydrogen  permeation  compered  with  hydrogen  embrittlement  of  AiSI  4340 
steel  (260-280  ksi )  plated  from  different  cadmium  baths 


I  Permeation  measurements  from  Cd  free  solutions  containing  compounds  used  at  complexing  agents 
A  CN  solution 

B  Ammonium  fluoborate  solution 
C  Aminobutyhc  acid  solution 

II  Hydrogen  embrittlement  measurements  of  specimens  plated  from  different  cadmium  baths 
Aj  Cyanide  bath,  all  mechanical  tests 

B]  Fracture  deflection  (fluoborate  bath) 

B2  Reduction  in  area  (fluoborate  bath) 

B3  Fracture  stress  after  100  hours  of  sustained  load  at  75%  of  the  unplated  NTS  (fluoborate 
bath) 

Cj  Fracture  deflection  (amino  butyrate  bath) 

Detailed  information  in  section  2.2.3 
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The  average  survival  time  was  increased  200  times  when  the  notched  tension  bars  were  plated  from  the 
aminobutyrate  bath  instead  of  the  cyanide  bath.  An  analysis  was  made  of  the  complex  trends  of  the  hydrogen 
nremeation  transients  recorded  during  the  actual  plating  of  cadmium  from  the  above  mentioned  baths.  This  analysis 
revealed  that  hydrogen  was  introduced  into  the  steel  within  an  initial,  rather  short  period  of  plating  while  the  barrier 
effectiveness  of  the  very  thin  plating  was  still  negligible f  *  I) . 

Other  results  clearly  indicate  that  adsorption  equilibrium,  high  hydrogen  coverage,  and  spacing  of  the  em¬ 
brittling  hydrogen  atoms  in  vacancies  of  the  bcc  lattice  and  embrittlement  are  quickly  accomplished  by  the  cyanide 
species  in  contrast  with  the  other  two  complexing  agents. 

Calculation  of  the  maximum  hydrogen  concentration  (C0)  on  the  galvanostatically  polarized  Armco  iron 
membranes  (-8  mA/cm2)  in  cyanide,  ammonium  fluoborate,  amino  butyric  acid  and  sodium  hydroxide  solutions 
were  1 .45, 0.85, 0.63  and  0.18  ppm  respectively.  These  values  are  in  a  remarkably  good  agreement  not  only  with  the 
embrittlement  measurements  plotted  in  the  histogram,  Fig.  2.8,  but  also  with  those  of  Beck  and  Jankowsky  [24]  who 
showed  that  the  fracture  deflections  of  specimens  charged  in  a  pure  NaOH  solution  were  much  higher  than  those  of 
specimens  charged  in  a  CN  containing  solution  or  plated  with  cadmium  from  the  conventional  cyanide  bath. 

Fig.  2.7  clearly  indicates  that  embrittlement  can  be  induced  by  very  low  hydrogen  concentrations  (mobile 
hydrogen).  Very  low  concentrations  of  embrittling  hydrogen  were  found  also  by  an  ultrasonic  attenuation  meth¬ 
od! ‘5J.  The  general  agreement  between  the  above  calculated  value,  C0,  (for  cyanide)  and  that  determined  for 
“mobile  hydrogen”  is  considered  to  be  strong  support  of  the  assumption  that  hydrogen  embrittlement  is  induced 
by  much  lower  quantities  of  hydrogen  than  that  determined  as  total  hydrogen. 

A  prerequisite  for  reliable  calculation  of  the  maximum  hydrogen  concentration  is  the  determination  of  the 
hydrogen  diffusion  coefficient  which,  therefore,  must  be  determined  with  the  highest  precision.  The  electrochemical 
permeation  method  alone  satisfies  this  requirement.  McBreen,  Nanis  and  Beck, [12]  have  compared  this  method  with 
the  conventional  manometric  time  lag  method  and  have  emphasized  that  the  superiority  of  the  electrochemical  pro¬ 
cedure  lies  in  the  fact  that  in  addition  to  its  much  higher  sensitivity,  the  boundary  conditions  are  sharply  defined.  In 
contrast  in  the  manometric  method,  as  the  pressure  builds  up  at  the  diffusion  side  of  the  membrane  (during  the  pre- 
meation  process)  and  thus,  the  equilibrium  concentration  of  the  hydrogen  does  not  remain  constant.  This  gives  rise  to 
a  siruation  with  “shifting”  boundary  conditions  and  oasily  may  lead  to  erroneous  values  for  permeation  rates  and 
diffusion  coefficient  as  well.  In  summary,  it  should  be  emphasized  that  the  embrittlement  determining  hydrogen  con¬ 
centration  depends  on  numerous  variables.  These  variables  consist  primarily  of  the  composition  of  the  steel,  its  hard¬ 
ness,  the  hydrogen  solubility  and  diffusivity,  Very  little  is  known  about  the  relationship  between  the  distribution  of 
hydrogon  inside  the  metal  and  its  embrittlement  behavior.  The  role  of  total  and  "mobile  hydrogen''  In  embrittlement 
initiation  is  stilt  open  to  discussion.  At  the  present  state  of  the  art  it  is  difficult  if  not,  impossible  to  base  a  prediction 
of  the  susceptibility  to  brittle  failure,  or  loss  in  ductility  of  any  type  of  steci  for  a  specified  quantity  of  extracted 
hydrogen, 
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CHAPTER  3 

MEASUREMENT  OF  HYDROGEN  INDUCED  AND 
CONTROLLED  CRACK  PROPAGATION 


3.1  METALLOGRAPHY  TECHNIQUES 


A  diagram  (Pig  1.6)  was  presented  in  the  chapter  on  mechanical  testing  depicting  delayed  failure  perform* 
ance  of  notched  embrittled  specimens  subjected  to  sustained  loads.  The  diagram  illustrates  crack  propagation  in  the 
sharply  notched  area  of  a  statically  loaded  specimen  under  the  joint  action  of  stress  and  hydrogen.  To  obtain  detailed 
information  about  propagation  of  the  crack,  Troiano  et  al.Ul  made  measurements  of  the  crack  size  in  notched 
specimens  which  were  stressed  at  a  fixed  applied  load  for  various  times.  In  addition  to  the“heat  tinting  method”, 
the  metallographic  sectioning  method  was  used  to  determine  crack  depths.  Each  specimen  was  longitudinally  sec¬ 
tioned  and  polished  and  the  “effective  radial  crack  depth”  (the  component  normal  to  the  applied  stress)  was  meas¬ 
ured  at  the  extremities  of  the  notch  diameter.  Crack  growth  then  may  be  expressed  by  either  of  two  geometrically 
related  parameters:  percent  of  notch  cross  sectional  area,  or  radial  crack  depth.  Representative  photomicrographs 
of  cracks  (or  crack  patterns)  from  their  publication  are  presented  in  Pigs.  3.1  and  3.2. 
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Fig.  3. 1  -  Cracks  formed  In  notched  specimens 
sectioned  after  static  loading  slightly  above  the 
lower  critical  stress  limit  for  the  Indicated  times 
(80  ksi).  Longitudinal  axial  section, 
unetched  (x  751.  A  IS 1 4340  steel,  240  ksi 
strength  level,  charged  In  4%  H2SO4  at 
0.02  A/irfi  for  5 min  at  80  F.  Loaded 
5  min  after  charging . 


Fig.  3.2  -  Cracks  observed  in  notched  specimens 
sectioned  after  static  loading  in  the  range  of 
relatively  slow  crack  propagation  (175  ksi). 
Longitudinal  axial  section  unetched  fx7b), 
AISI 4340  steel,  240  ksi  strength  level, 
charged  in  4%  H2SO4  for  5  min  at  80  F. 
Loaded  5  min  after  charging. 


The  authors  postulated  that  at  the  lower  applied  stress,  the  path  of  crack  propagation  remained  in  the  notch 
plane,  while  at  the  hitter  applied  stress,  the  advancing  crack  exhibited  a  tendency  to  branch  and  deviate  from  the 
notch  plane,  that  is  the  plane  normal  to  the  applied  tensile  stress,  passing  through  the  notch  diameter.  This  point 
of  branching  occurred  at  various  positions,  usually  somewhat  below  the  notch  root.  The  plastic  (permanent)  open¬ 
ing  of  the  crack,  as  evidenced  by  the  crack  width,  was  somewhat  greater  at  the  higher  applied  stress,  but  in  both 
cases,  it  remained  quite  small  even  after  considerable  crack  growth.  In  general,  observations  at  high  magnifications 
revealed  the  cracks  to  be  continuous.  However,  occasional  instances  of  apparent  discontinuous  growth  or  advanced 
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nucleation  were  observed.  The  crack  originates  at,  or  probably  slightly  below,  the  root  of  the  circumferential  notch 
and  grows  radially  inward. 

Fracture  formation  due  to  the  action  of  hydrogen  and  stress,  arises  from  the  interaction  of  a  number  of 
complex  factors  such  as  notch  geometry,  hydrogen  distribution,  normal  and  shear  stresses. 

3,2  ELECTRICAL  RESISTIVITY  MEASUREMENTS 

3.2.1  KELVIN  DOUBLE  BRIDGE  MEASUREMENTS 

With  the  serious  limitations  of  the  metallographic  method  in  mind,  Troiano  et  al.  P-*!  developed  an 
electrical  resistance  method  for  the  measurement  of  crack  propagation.  In  contrast  to  the  metallographic  method, 
which  requires  measurements  on  a  series  of  different  specimens,  the  electrical  method  permits  determination  of  a 
complete  crack  propagation  curve  from  only  one  specimen.  The  procedure  is  based  on  an  empirically  established 
relationship  between  crack  area  and  the  change  in  resistance  of  the  notch  section  of  the  specimen  used  for  the  sus¬ 
tained  load  test.  The  electrical  resistance  is  measured  across  the  notch  section  by  means  of  a  precision  Kelvin  double 
bridge;  its  balance  is  determined  by  a  galvanometer. 

Figure  3.3  illustrates  the  manner  in  which  the  notched  specimen  is  incorporated  into  the  bridge  circuit.  Tlte 
concentric  loading  members  serve  as  current  leads.  The  two  knife  edge  potential  leads,  attached  to  the  specimen  on 
opposite  sides  of  the  notch,  approximately  0.10  in.  apart,  define  the  resistance  gage  length.  Each  lead  is  free  to  move 
relative  to  the  other,  but  remains  fixed  with  respect  to  the  specimen.  With  the  exception  of  the  range  of  compara¬ 
tively  small  crack  areas  (below  about  20  percent  when  expressed  in  percent  of  notch  area),  the  relationship  between 
resistance  increase  and<he  percent  of  notch  area  is  linear.  The  dependency  shows  that  the  resistance  increase  measured 
under  an  applied  stress  is  primarily  the  result  of  the  geometric  alterations  of  the  specimen. 

The  action  of  tensile  stress  on  the  crack  also  affects  resistance  properties.  Experimental  results  on  hydro¬ 
generated  specimens  are  presented  in  Fig.  3.4.  This  curve  reveals  the  same  characteristic  features  as  those  shown  in 
Chapter  1  (Fig.  1 .6).  Hence,  the  electrical  resistance  method  is  as  suitable  for  the  study  of  the  kinetics  of  crack 


measurement  of  the  notch  section 
dec  trial!  resistance  under  an  applied 
tensile  load. 
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Fig.  3.4  -  Resistance  increase  as  a  function  of  time 
for  a  uniformly  hydrogenated,  notched  specimen. 
Tested  in  the  stress  range  of  delayed  failure. 


initiation  and  propagation  as  a  pure  mechanical  or  metallographic  procedure.  The  typical  resistivity-time  curve  in  the 
figure  again  indicates  the  existence  of  an  incubation  period  for  crack  initiation  and  a  period  of  controlled  crack  prop¬ 
agation.  On  the  basis  of  resistance  measurements,  the  failure  process  may  again  be  divided  into  three  distinct  stages: 
(1)  the  incubation  phase,  (2)  the  period  of  relatively  slow  crack  propagation,  and  (3)  catastrophic  failure  with  ex¬ 
tremely  rapid  crack  growth.  The  appearance  of  the  fracture  as  well  as  the  resistivity  curves  clearly  differentiate  be¬ 
tween  these  latter  two  statges. 

From  resistivity  measurements,  TroianoP]  proved  that  crack  growth  is  a  discontinuous  process.  He  demon¬ 
strated  this  discontinuity  by  recording  resistivity  curves  at  low  temperatures  where  the  hydrogen  diffusion  rate  is 
slowed  down,  as  shown  in  Fig.  3.5. 


Time,  minutes 

Fig.  3.6  -  Resistance  Increase  as  a  function  of  time  and  temperature  for  uniformly  hydrogenated 
notched  specimens,  tested  In  the  stress  range  of  delayed  failure. 


It  is  apparent  from  the  abrupt  resistance  increase  that  the  cra-;ks  propagate  in  a  discontinuous  manner.  A 
plateau  of  constant  resistance  is  formed  after  each  step.  These  plateaus  according  to  Troiano  are  secondary  incuba¬ 
tion  periods.  As  the  temperature  is  lowered,  the  plateaus  become  longer  and  'he  individual  crack  extensions  become 
larger.  Thus,  fewer  discontinuous  crack  propagation  steps  are  seeded  to  achieve  failure.  Finally,  at  -50  F  the  first 
crack  propagates  instantaneously  through  the  specimen. 


The  same  resistivity  procedure  was  employed  by  Steigerwald^.  6]  who  used  a  center  notched,  precracked 
tension  specimen  as  shown  in  Fig.  3.6.  The  center  notch  was  made  in  accordance  with  ASTM  recommendations^! . 
A  blank  1-3/4  in.  wide  and  between  0.1  and  0.08  in.  thick  was  sheared  from  sheet  stock  and  a  center  notch  0.60  in. 
in  length  was  produced  with  a  jeweler’s  saw.  After  heat  treatment,  the  specimens  were  precracked  in  tension-tension 
fatigue  to  produce  a  3/4  in.  center  notch.  This  type  of  specimen  has  the  advantage  t*l  of  offering  an  initial  crack  of 
a  comparatively  small  area  from  which  crack  growth  may  begin.  Hence,  scatter  in  the  dat3  is  minimized.  In  addition, 
the  very  severe  notch  acuity  tends  to  maximize  the  embrittlement  and  thus  simplifies  certain  analyses  of  the  em¬ 
brittlement  mechanism. 

Resistivity  measurements  were  made  by  means  of  the  device  shown  in  Fig.  3.7.  The  specimen  again  is  made 
one  leg  of  the  Kelvin-Wheatstone  double  bridge,  1^1  used  for  measuring  resistance  increases  resulting  from  crack 
extension.  The  apparatus  is  capable  of  detecting  crack  extensions  exceeding  0.003  in.  Steigerwald  made  measure¬ 
ments  in  numerous  liquid  and  gaseous  environments  using  the  resistance  method  and  the  above  described  specimen. 
In  general,  measurements  were  made  on  specimens  surrounded  by  practically  non-conducting  liquids  or  vapors.  The 
use  of  alternating  current,  or  better,  high  frequency  current  in  conjunction  with  a  modified  measuring  set-up  would 


Fig.  3.6  -  Center  notched  precricked  Fig.  3.7-  Schematic  diagram  of  resistance 

tension  specimen  apparatus  used  to  stud y  crack  initiation 

and  growth  characteristics. 


A  good  example  of  what  occurs  in  an  almost  non-ccmducting  liquid^!  is  shown  in  Fig.  3.8.  These  curves 
disclose  details  of  the  kinetics  of  slow  crack  growth  in  specimens  exposed  to  high  purity  distilled  water  (more  details 
•re  given  in  the  chapter  on  hydrogen  embrittlement  in  aqueous  environments).  The  data  plotted  in  the  figure  indicate 
that  if  there  arc  incubation  periods,  they  must  have  been  less  than  one  minute,  which  is  the  time  limit  of  the  sensi¬ 
tivity  of  the  experimental  set-up,  At  the  higher  applied  street  crack  growth  was  relatively  rapid,  while  at  the  lower 
loads  a  stow  growth  occurred  initially,  and  crack  extension  ultimately  led  to  catastrophic  failure.  Ait  curves  exhibited 
some  discontinuities. 
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Fig.  3.9  presents  typical  crack  propagation  behavior  in  a  gaseous  environment  .  Water  vapor  was  added 
to  dry  argon  gas  to  produce  gas  environments  having  dew  points  of  -3F  and  -7F.  As  shown  in  the  figure,  extensive 
crack  growth  occurred  at  a  dew  point  of  -3F  while  at  a  dew  point  of  -7F  there  was  no  indication  of  delayed  failure 
after  1200  minutes.  On  this  basis,  the  critical  dew  point  required  to  initiate  fracture  in  AISI  4340  steel  (400  F  temper) 
was  determined  to  be  -3F.  It  follows  from  these  results  that  the  critical  water  vapor  content  is  very  low,  less  than 
0.065  g  of  water  vapor  per  cubic  foot  of  gas.  The  above  facts  furnish  a  striking  illustration  of  the  contribution  of 
environmental  factors  to  service  failures  in  ultra  high  strength  steel.  Practical  examples  of  the  important  role  played 
by  the  environmental  conditions  are  cases  of  delayed  failure  of  high  strength  steel  pressure  vessels  produced  by  the 
joint  action  of  moisture  and  internal  pressure.  Puzzling  results  occasionally  obtained  with  sustained  load-delayed 
failure  tests  performed  under  atmospheric  conditions  may  be  explained  by  differences  in  the  moisture  content  of  the 
ambient  air. 


steal  (600  F  temper )  in  distilled  water. 


Fig.  3.9  -  Effect  of  addition  of  water  vapor 
on  susceptibility  of  AISI  4340  steel 
(400  F  temper )  to  cracking  in  dry 
argon  gas  environments  at  68  F. 


3.3  MODIFIED  ELECTRICAL  POTENTIAL  TECHNIQUES 


Two  main  disadvantages  found  in  the  Kelvin  double  bridge  method  arc; 

•  the  specimen  may  become  heated  because  of  the  high  current  used,  and 

•  conducting  solutions  require  alternating  current  to  minimize  electrolytic  effects. 

Anctil  et  all' H  reduced  these  drawbacks  by  using  a  modified  electrical  potential  technique  and  an  alter¬ 
nating  current  source.  Potential  field  changes  were  measured  continuously  across  the  propagating  crack  with  a  sensi¬ 
tive  milliohimnetcr  using  the  ammeter-voltmeter  measurement  method.  A  signal  from  the  mllliohmmcter  was  fed  into 
an  X-Y  recorder  to  obtain  load-potential  drop  or  potential  drop-time  curves.  At  constant  current  flow  the  voltage 
drop  was  measured  and  converted  to  resistance.  With  a  given  geometry  and  constant  current,  the  potential  drop 
across  the  crack  will  be  an  accurate  indication  of  its  size.  Effects  of  resistivity  on  magnitude  of  the  potential  drop  can 
be  considered,  and  experimental  calibration  of  potential  drop  with  crack  $i2e  can  be  made.  For  calibration,  Anctil  et 
at.  used  data  for  razor  thin  slits  in  an  aluminum  foil.  Johnson  et  ai.  and  Che-Yu  Li! 1 2-1 6)  showed  that  calibration  is 
sensitive  to  the  initial  crack  starter  geometry,  and  that  calibration  for  a  wide  range  of  crack  lengths  is  feasible  only  for 
simple  geometries.  Another  drawback  of  tills  method  is  discussed  later. 
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Johnson  and  Willnert^l  used  the  electrical  potential  method  with  precracked  center  notched  specimens 
to  show  that  dry  hydrogen  gas  at  atmospheric  pressure  produces  substantial  hydrogen  embrittlement  in  martensitic 
high  strength  steel  (type  H-l  1  steel).  Even  at  comparatively  low  stresses,  subcritical  crack  growth  rate  was  high. 
Similar  effects  were  produced  by  water  vapor  in  dry  argon  or  nitrogen.  By  introducing  a  relatively  low  concentration 
of  oxygen  into  the  ps  phase,  crack  growth  was  arrested  very  quickly.  These  investigators  attribute  the  inhibiting  role 
of  oxygen  to  its  preferential  adsorption  at  the  crack  tip  which  leads  to  the  formation  of  a  high  energy  barrier.  This 
hypothesis  is  confirmed  by  the  fact  that  oxygen  arrested  cracks  may  be  restarted  by  water,  hydrogen,  or  water  vapor 
after  removal  of  the  oxygen  from  the  gaseous  environment.  Fig.  3.10  clearly  shows  the  effect  of  oxygen  in  arresting 
crack  propagation  in  a  pure  hydrogen  atmosphere. 

They  also  made  crack  propagation  studies  in  argon  with  varied  relative  humidities.  As  shown  in  Fig.  3.1 1 ,  a 
practically  steady  state  of  crack  propagation  was  attained  at  about  60  percent  relative  humidity. 

Stress  intensity  at  the  crack  tip  was  kept  constant  by  appropriate  manipulation  of  the  load.  The  stress  in* 
tensity  factor,  K,  was  computed  by  the  conventional  uncorrected  Irwin  formula. 


Fig.  3. 10  -  Subcrilica)  creek  growth  In  pure  Fig.  3.11  -  Creek  growth  rate  versus  relative 

hydrogen  end  a  hydrogen-oxygen  mixture  humidity  of  ergon  gas.  (H- 1 1  Steel, 

(H- 1 1  Steal,  260-280 ksi  strength  level).  360-280  ksi  strength  level). 


The  Arrhenius  plot  of  Fig.  3.12  shows  the  effect  of  temperature  on  crack  growth,  if  the  atmosphere  is 
maintained  saturated  with  water  vapor,  rate  of  crack  growth  varies  exponentially  with  temperature.  There  appears  to 
be  only  a  slight  difference  in  the  crack  propagation  rate  in  water  and  water  saturated  argon.  Apparently,  when  the 
relative  humidity  is  high,  water  vapor  condenses  at  the  crack  tip.  The  fact  that  an  increase  In  relative  humidity  above 
60  percent  has  no  additional  effect  on  crack  growth  rate,  as  shown  in  Fig.  3.1 1,  is  also  explained  by  Johnson  by  cap¬ 
illary  condensation  of  water. 

An  energy  of  activation  for  crack  growth  of  9000  cal/mote  agrees  with  values  for  diffusion  of  hydrogen  in 
iron.  According  to  Johnson,  this  may  indicate  that  crack  formation  in  gases,  induced  by  humidity,  is  affiliated  with 
hydrogen  embrittlement. 

The  similarity  of  the  curves  in  Fig.  3,12  with  adsorption  isotherms  may  alto  indicate  that  adsorption  of 
water  molecules  on  active  sites  on  the  steel  surface  plays  an  Important  role  in  the  mechanism  which  controls  forma¬ 
tion  and  propagation  of  brittle  cracks  in  humid  atmospheres. 

According  to  Srawley  and  Brown  N^l,  Anctil's  method!  1 1 1  has  the  disadvantage  of  having  a  built-in  power 
supply  which  is  limited  to  100  mA,  and  therefore,  lacks  sufficient  sensitivity  to  make  it  generally  useful  In  fracture 
testing.  Therefore,  they  used  a  voltmeter-amplifier  combination  with  an  appropriate  external  current  supply  so  that 
the  output  may  be  varied  over  a  wide  range.  The  method  appears  easily  adaptable  to  ail  types  of  specimens  used  to 
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Fig.  3. 12  -  Crack  growth  rate  as  a  (unction  of  water  temperature.  Activation  energy  approximately 
9000  cal /mote.  H-11  steel .  260-280  ksi  strength  level. 

measure  fracture  toughness.  The  necessary  instrumentation,  which  is  commercially  available,  permits  automatic  re* 
cording  of  the  potential  change-  Calibration  curves  relating  potential  change  to  crack  extension  are  easy  to  establish. 
This  method  has  not  been  used  as  yet  for  studies  of  the  propagation  of  hydrogen  induced  bi  'llo  cracks.  Ms  applica¬ 
tion  to  this  field  would  be  of  great  interest. 


3.4  STRAIN  ENERGY  RELEASE  RATE  AND  PROPAGATION  RATE  OF  HYDROGEN 
CONTROLLED  CRACKS 

Recently.  Van  dcr  Sluys  1^1  published  an  interesting  report  on  steady  state  crack  extension  in  high  strength 
A1SI  4340  steel.  By  using  fracture  mechanics  extensively,  this  investigator  succeeded  in  eliminating,  or  at  least  mini¬ 
mizing,  a  number  of  variables  which  frequently  cloud  results  obtained  in  the  field  of  slow  crack  propagation. 

In  linear  elastic  fracture  mechanics,  crack  length,  V\  is  interrelated  with  the  strain  energy  release  ratc.C, 
as  follows: 

,  an/M) 

G=I/2P  “77“  (3.1) 

where  P  is  tlte  load  per  unit  thickness,  and  M  the  spring  rate  (load/dcflection)  of  the  specimen  per  unit  thickness 
Determination  of  the  relation  between  I/M  (compliance)  and  crack  length  must  be  made  very  accurately  in  order  to 
obtain  reliable  values  of  o  1/M/d  a.  (« can  also  be  obtained  by  an  analytical  method  based  on  elasticity  theory.  Van 
dcr  Sluys  obtains  the  crack  propagation  rale,  da/dt.  from 

2i„£  ii  o,2) 

dt  P  dt 

where  6  is  the  deflection,  t  the  time,  and  C  “  !/&(  I/M)/ 3  a.  A  tapered,  double  cantilever  beam  specimen  ofAlSl 
4340  steel  'Rt»  SO),  was  used  to  achieve  constant  (» level  over  a  relatively  long  crack  extension  length.  The  specimen 
has  a  double  edge  notch  with  straight  sides  and  a  slightly  rounded  busc.  With  this  notch  configuration,  the  length  of 
the  crack  front  was  held  more  constant  than  with  a  V -shaped  notch.  The  net  stress  was  raised  sufficiently  to  control 
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the  direction  and  path  of  the  crack.  The  rate  of  crack  growth  w a  determined  at  a  function  of  G  and  environment. 
The  G  level  was  maintained  at  a  constant  value,  independent  of  crack  length.  Also  the  dependency  of  activation 
energy  for  crack  propagation  on  G  level  was  studied  and  the  effects  of  cathodic  and  anodic  polarization  and  pH  on 
the  rate  of  crack  growth  at  various  G  levels  were  evaluated. 

The  interesting  results  obtained  will  be  discussed  in  detail  in  the  chapter  on  distinguishing  between  hydro* 
gen  embrittlement  and  stress  corrosion  cracking  (Chapter  6). 

Hartbower,  Gerberich  and  CrimminsU*,  2d]  monitored  crack  growth  both  by  crack  opening  displacement 
measurements  with  a  displacement  (strain)  gage,  and  an  acoustic  method  employing  x  stress  wave  analysis  technique. 
The  acoustic  method  is  based  on  the  fact  that  elastic  waves  emanating  from  a  propagating  crack  can  be  monitored 
by  piezoelectric  accelerators  (piezoelectric  transducer  technique).  The  first  of  the  two  measurements  is  very  suit¬ 
able  for  crack  length  determinations,  but  less  sensitive  than  the  second  method  which  has  been  used  extensively  by' 
the  above  investigators  for  the  determination  of  crack  growth  rate  in  specimens  subjected  to  sustained  load.  They 
made  measurements  on  low  alloy  steel  single  edge  notched  tensile  specimens,  heat  treated  to  high  strength  levels,  and 
hydrogenated  by  cathodic  charging  followed  by  cadmium  plating  from  a  cyanide  bath.  The  effects  of  baking  and 
environment  (water  and  air)  on  subcritical  crack  growth  rate  of  the  hydrogenated  specimens  were  studied. 

3.5  ELECTRON  FRACTOGRAPHY 

Electron  fractogtaphy  also  has  been  used  to  study  the  propagation  of  crack*  induced  by  hydrogen  (21). 
Preliminary  results  obtained  with  this  method  indicate  that  hydrogen  embrittlement  is  a  failure  process  involving 
both  cleavage  and  plastic  fracture,  and  is  initiated  by  the  accumulation  of  excess  hydrogen  at  preferred  sites  within  a 
material.  It  is  hoped  that  more  information  will  be  obtained  with  the  1  MEV  microscope  now  being  used  by  US. 
Steel  scientists™!. 
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Nominal  bending  stress, ksi 


CHAPTER  4 

EFFECT  OF  HYDROGEN  ON  FATIGUE  STRENGTH  AND  LIMIT 


4.1  HIGH  STRESS,  LOW  CYCLE  FATIGUE 


According  to  Sachs  et  al-.H)  the  lack  of  attention  paid  to  the  effect  of  hydrogen  on  the  fatigue  pro¬ 
perties  of  high  strength  steel  is  a  result  of  the  fact  that  the  fatigue  limit  is  usually  lower  than  the  lower  critical 
stress  in  sustained  loading.  They  postulated  that  if  hydrogen  embrittlement  affects  fatigue  strength  and  life  at  all, 
it  should  be  evident  during  low  cycle  fatigue  at  comparatively  high  stress.  They  also  emphasized  the  increasing 
importance  of  low  cycle  fatigue  as  a  limiting  design  factor  in  various  engineering  applications  and  concluded  that 
under  these  conditions,  a  better  knowledge  of  the  hydrogen  embrittlement  effect  would  be  of  considerable  practical 
significance. 

Rotating  beam  type  specimens  fabricated  from  two  heats  of  A1SI  4340  steel,  heat  treated  to  strength 
levels  between  210  and  290  ksi  were  used  for  their  investigation.  It  was  necessary  to  gear  down  the  fatigue  machines 
to  speeds  ranging  from  45  to  2500  rpm,  because  any  hydrogen  effect  completely  faded  out  at  relatively  high  speeds. 
At  2500  rpm  only  severe  hydrogen  embrittlement  affected  the  fatigue  properties. 

Fatiguedata  were  obtained  for  unembrittled  and  embrittled,  and  smooth  and  notched  AISI 4340  steel  speci¬ 
mens  tempered  to  various  strength  levels.  Hydrogen  was  introduced  by  cyanide  cadmium  plating  (coating  thickness 
on  the  gage  section  0.0003  in.).  The  data  presented  in  Figs.  4.1  and  4.2  represent  two  types  of  conditions  (a)  as  heat 
treated  and  ground  or  machined  surface,  and  (b)  cadmium  plated  after  heat  treating  and  finishing. 


Number  of  cycles  to  failure 

Fig.  4. 1  -  S-N  curves  for  smooth  rotating  beam  speci¬ 
mens,  unembrittled  and  embrittled  (by  cadmium 
plating).  AISI  4340 steel  tempered  to  various 
strength  levels. 


Fig.  4.2  -  S-N  curves  for  notched  (K(  *  7)  unembrittled 
and  embrittled  AISI  4340 steel  rotating  beam 
specimens  tempered  to  various 
strength  levels. 
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Sachs  summarized  the  experimental  results  as  follows: 

«  In  all  instances,  the  hydrogen  effect  decreases  as  ih;  number  of  cycles  increases,  and  gradually 
fades  out  at  about  10, GOO  cycles. 

•  in  general,  this  effect  appeals  to  be  considerably  larger  for  notched  than  for  smooth  specimens. 

•  The  greatest  reduction  in  strength  was  observed  on  specimens  heat  treated  to  a  strength  level  of  about 
250  ksi. 

in  addition  to  the  mechanical  studies  just  described,  Sachs  made  crack  propagation  measurements  in  the 
notched  area.  Plated  and  unplated  fatigue  specimens  were  run  for  various  numbers  of  cycles  at  constant  stress  and 
were  used  for  the  crack  propagation  analysis.  The  crack  depth  was  determined  by  longitudinally  sectioning  the 
specimens  along  two  planes  less  than  90°  to  each  other,  taking  photomicrographs  of  the  four  crack  areas  thus 
exposed,  and  measuring  the  crack  depth. 

The  average  values  of  crack  depth  are  plotted  in  Figure  4.3  as  a  function  of  the  number  of  cycles.  The 
data  clearly  reveal  crack  initiation  after  very  few  cycles.  The  crack  grows  in  the  radial  direction  until  at  least  one 
half  of  the  specimen  life  is  expended.  Finally,  the  crack  penetration  in  the  embrittled  specimen  becomes  much 
more  marked,  until  the  rest  of  the  section  suddenly  fractures,  probably  within  less  than  one  cycle,  by  what  is  actually 
a  static  phenomenon.  Tne  cracked  surface  in  hydrogen  containing  fatigue  specimens  revealed  comparatively  deep 
valleys  and  high  peaks. 


Fig.  4,3-  Comparison  of  the  initiation  and  depth  of  radial  cracks  in  notched  area  (Kt*  7)  of 
unembflttted  and  embrittled  (by  cadmium  plating)  specimens  as  a  function  of  the 
number  of  cycles.  AlSi  4340  steet  fatigued  at  a  cycling  stress  of  224  ksi. 

42  LOW  STRESS,  HIGH  CYCLE  FATIGUE 

The  fatigue  behavior  of  cyanide  cadmium  plated  or  cathodicelly  charged  high  strength  steel  (NTS  230  ksi) 
was  studied  by  Gurklls,  McGraw  and  Faust  1^1 .  Sheet  flexure  fatigue  specimens  were  cut  to  2.62  and  3.32  in. 
lengths  from  0.5  in.  wide.  0.025  in.  and  0.040  in.  thick  stock  so  that  the  natural  frequency  of  their  vibration,  when 
supported  as  beams,  was  800  cps.  They  were  fatigued  over  an  electromagnet  which  could  be  tuned  to  half  this 
frequency  and  could  flex  the  specimens  over  any  desired  amplitude.  A  block  diagram  of  the  electro-mechanical 
system  is  shown  in  Fig.  4.4. 

About  3.5  hours  produced  a  10  million  cycle  run  out.  The  stress  was  calculated  from  the  deflection  of  the 
vibrating  specimen.  Deflection  measurements  were  made  with  an  optical  magnifier  when  the  panel  was  optically 
frozen  in  the  position  of  maximum  deflection  with  a  stroboscopic  light  adjusted  to  the  same  frequency. 

Hie  S-N  curves  for  cathodlcally  precharged  spring  steel  which  had  either  been  stored  in  air  at  room  temper¬ 
ature,  or  in  a  mixture  of  dry  ice  and  acetone  prior  to  fatigue  testing,  are  shown  in  Fig.  4.5.  Charging  ww  carried 
out  in  dilute  sulfuric  acid  at  80  F  at  $  A/ft^  for  2.5  minutes.  The  fatigue  limit  was  about  5  ksi  lower  for  specimens 
stored  in  the  freezing  mixture  than  for  those  stored  at  room  temperature.  Results  indicate  that  hydrogen  embrittle¬ 
ment  causes  a  small  loss  of  fatigue  strength. 
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Cycles  to  foilure 


Fig.  4.5  -  Effect  of  cathodic  charging  on  the 
fatigue  strength  of  spring  steel. 


Fig.  4.6  gives  fatigue  results  for  baked  and  unbaked  cadmium  plated  specimens.  Stress  relief  at  47S  F  for 
one  hour  had  practically  no  effect  on  the  fatigue  limit  of  the  spring  steel,  nor  did  cleaning  and  anodic  etching  pro¬ 
cesses.  Cadmium  plating  reduced  the  fatigue  limit  by  slightly  more  than  15  per  cent.  The  reduction  was  essentially 
independent  of  coating  thickness,  within  the  plate  thickness  range  studied.  Baking  of  the  plated  steel  at  375  F  for  4 
and  24  hours,  or  at  525  F  for  24  and  72  hours,  respectively,  did  not  restore  the  original  fatigue  strength  of  the 
plated  steel  specimens. 


Cycles  to  failure 


Fig.  4.6  -  S'hi  curves  for  baked  end  unbaked  cadmium  plated  spring  steel. 
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Beck  and  Jankowskyf^l  studied  the  effect  of  hydrogen  on  delayed  brittle  failure  and  fatigue  strength  of 
notched  specimens  prepared  under  the  same  conditions.  The  stress  rupture  behavior  is  given  in  Fig.  4.7.  Lower 
critical  stress  is  about  140  ksi  for  the  following  processes 

•  Plating  (1)  cadmium,  (2)  tin,  or  (3)  tin-cadmium  ahoy  (30-70)  from  fluorate  baths. 

•  Phosphatizing  treatment  at  160  F  for  5  min. 

•  Cyanide  cadmium  plating,  30  min.  bake  at  340  F  after  plating. 

Data  for  the  stannate  tin  and  duplex  tin-cadmium  plating  (process  C)  indicate  a  markedly  decreased 
lower  critical  stress  of  about  30  ksi  as  compared  with  measurements  for  the  above  processes. 

The  fatigue  strength  and  limit  data  for  H-l  1  steel  specimens,  which  were  plated  with  duplex  tin-cadmium, 
tin-cadmium  alloys,  or  phosphatized  are  given  in  Fig.  4.8.  The  50  tin  +  50  cadmium  alloy  was  mechanically  plated 
after  a  copper  immersion  and  phosphatizing  pretreatment. 

The  experimental  results  presented  in  both  figures  may  be  summarized  as  follows: 

In  Fig.  4.7  the  delayed  cracking  is  quite  marked  in  the  duplex  coating  and  is  definitely  controlled  by 
the  tin  phase  of  the  plating.  Delayed  cracking  is  less  marked  on  the  fluoborate  plated  specimens  and  is  characterized 
by  a  relatively  long  induction  period.  The  phosphatizing  treatment,  applied  prior  to  mechanical  plating,  resulted  in 
considerable  embrittlement,  in  contrast  to  the  slight  embrittlement  induced  by  the  coppering  treatment. 

The  values  plotted  in  Fig.  4.8  clearly  display  the  significantly  reduced  fatigue  limit  of  the  phosphatized 
specimens.  Though  the  agreement  between  static  (Fig  4.7)  and  dynamic  behavior  of  the  plated  high  strength  steels 
is  only  qualitative  in  nature,  it  supports  the  conclusion  that  the  presence  of  embrittling  hydrogen  in  notched 
specimens  also  adversely  affects  fatigue  strength  and  limit.  The  reduction  in  fatigue  limit  is  seen  to  progress  in  the 
sequence  of  duplex  coating,  alloy  plating  from  a  fluoborate  bath,  and  phosphatizing. 

The  coppering  pretreatment  induced  relatively  little  embrittlement,  since  the  mechanically  plated  speci¬ 
mens  showed  the  same  fatigue  behavior  as  the  phosphatized.  It  is  concluded  that  the  reduction  in  fatigue  strength 
and  limit  displated  by  the  mechanically  plated  specimens  is  due  only  to  the  embrittling  phosphatizing. 


Tme  lo  loikne.hsu/* 


Process: 

A.  Fluoborate  Plating 

1.  Cadmium  2.  Tin  3.  Tin-cadmium  alloy  (30-70) 

Curves  for  plating  processes  1,2,  and  3  are  superimposed 
8.  Phosphatizing  Treatment 

C.  Stannate  tin  and  duplex  tin-cadmium  plating  (50*50  diffused  at  340  F,  30  min.) 

D.  Cyanide  cadmium  pitting 

Fig  4.7-  Delayed  failure  results  for  AfSi  4340 steei  (NTS unplated 360 kit,  K( ‘*4,0)  for 
phosphatizing  treatment  end  different  plated  coatings  (coating  thickness  -  0.3  mil) 
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Reversoliof  stress  to  failure 

Fig.  4.8  -  Fatigue  failure  results  for  notched  rotating  beam  specimens  for  phosphatizing  treatment  and 
different  plated  coatings  (0.3  mill.  H-11  steel,  NTS  unplated  *  380  ksi,  Kt  «  4.0,  stress  ratio  • 1.0 
R.  R.  Moore  fatigue  machine  speed  !Q4  cpm.  Per  cent  reduction  in  fatigue  limits, 

A  20%,  C  16%.  E  23%. 

W.  Beck  l4l  comprehensively  investigated  the  effect  of  cathodic  charging  and  cadmium  plating  on  the 
fatigue  behavior  of  high  strength  steels.  Some  pertinent  results  will  be  discussed  in  this  chapter. 

Sheet  flexure  and  rotating  beam  fatigue  specimens  fabricated  from  AISI 4340  steel  and  H-l  1  hot  work  die 
steel  were  employed  in  this  study.  Specimens  longitudinal  to  the  grain  direction  were  taken  from  plate  material  or 
cylindrical  bar  stock  and  heat  treated  to  a  strength  iovel  of  260-280  ksi.  The  K,  of  the  notch  in  the  flexural  fatigue 
specimen  was  2.8  (the  highest  that  can  be  practically  achieved  with  this  type  of  design),  but  in  the  cylindrical 
specimen,  it  was  increased  to  4.2.  The  notched  and  unnotched  sheet  flexure  specimens  were  similar  in  configuration 
and  the  double  edge  notch  was  symmetrically  located  at  both  sides. 

Ail  sheet  fatigue  experiments  were  made  in  Krouse  sheet  flexural  fatigue  machines.  The  test  cycles  were 
completely  reversed  tension-compression  with  zero  mean  stress  (R  °  -1 .0).  in  order  to  avoid  hydrogen  losses  and  to 
minimize  scattei,  the  runs  with  cathodic  charging  were  made  under  conditions  of  continuous  cathodic  polarization 
during  fatigue  testing.  As  shown  in  Fig.  4.9,  this  was  accomplished  by  surrounding  the  cathodic  specimen  with  a 
coil  platinum  wire  anode.  It  was  kept  in  position  by  a  Lucite  frame,  fastened  rigidly  to  the  specimen  holder  of  the 
machine. 


Fig.  4,9-  Krouse  flexural  fatigue  machine  and  accessary  for  continuous  charging  of  specimen  during  test 
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Maximum  stress  .ksi 


The  notched  rotating  beam  specimens  were  fatigued  in  R.  R.  Moore  machines  in  air  with  zero  mean  stress. 
Prior  to  plating  or  charging,  the  specimens  were  degreased  anodically  in  a  hot  alkaline  cleaning  solution,  rinsed,  dipped 
in  SO  per  cent  hydrochloric  acid  at  room  temperature  for  SO  seconds,  rinsed,  and  then  plated  or  cathodically  polarized. 
Cadmium  was  plated  from  a  conventional  cyanide  bath  containing  brightener  at  20  A/ft^  for  16  minutes.  The 
average  thickness  of  the  plating,  measured  on  the  unnotched  portion  of  the  specimens  was  O.OOOS  in.  Sheet  speci¬ 
mens  were  polarized  cathodically  in  a  0.025N  sodium  hydroxide  +0.2N  sodium  cyanide  solution  at  the  same 
current  density  used  for  plating.  The  cyanide  compound  is  the  effective  embrittlement  accelerator  used  in  the 
cadmium  plating  bath.  Runs  were  also  made  with  specimens  plated  after  charging  in  0.1N  sulfuric  acid  at  20  A/ft 2 
for  60  minutes  at  room  temperature.  A  number  of  cadmium  plated  specimens  was  baked  at  37S  F  for  24  hours. 
Baking  was  begun  immediately  after  completion  of  plating. 

Specimens  that  were  to  be  cadmium  coated  by  vacuum  deposition  were  cleaned  by  dry  blasting  with  1 20-grit 
aluminum  oxide  at  90  psi  pressure,  which  was  followed  by  glow  discharge  treatment  in  a  vacuum  chamber.  A 
deposition  time  of  20-25  minutes  was  required  to  obtain  a  coating  thickness  of  0.0005  in.  Since  the  number  of  tests 
was  not  sufficient  to  provide  statistically  reliable  S-N  curves,  or  make  possible  the  establishment  of  scatter  bands, 
the  curves  presented  in  Figs.  4.10  and  4.1 1  can  be  regarded  as  a  fairly  accurate  estimate  of  the  fatigue  strengths  and 
limits  for  the  sheet  specimens. 

As  shown  in  Fig.  4.10,  the  fatigue  limit  of  notched  AISI 4340  steel  specimens,  cathodically  charged  in  the 
alkaline  solution,  is  reduced  to  45  per  cent  of  the  untreated  control  value.  The  fatigue  limit  of  cyanide  cadmium 
plated  H-l  1  steel  specimens,  is  diminished  30  per  cent  (Fig.  4.1 1).  The  fatigue  strength  of  specimens  precharged  in 
the  very  embrittling  sulfuric  acid  is  appreciably  below  that  of  those  plated  only  with  cadmium  in  the  relatively  low- 
cycle  high-stress  range. 


Rmimh  ot  sttett  to  tellur* 


Rtvtftott  of  stress  to  failure 

Fig.  4 . 10  -  Sheet  flexure  fatigue  results  for  4340  Fig.  4,11  -  Sheet  flexure  fatigue  results  for  H-  It  steel, 

steer.  Specimens  immersed  in  0.02SN  NaOH/0.20N  The  unnotched  specimens  mre  cathodically 

NaCN  solution  with  and  without  cathodic  charged  in  0.  IN  HgSOg  foil  owed  by 

polarisation.  UTS  280  ksi,  Kt  *  2.8,  cyanide  cadmium  plating.  UTS 

stress  ratio  “  •  1,  machine  280 ksi.  Kt  *  2,8.  stress 

speed  1.25  x  Ifficpm.  ratio  -  .1.0,  machine 

speed  1.75 x  lO^cpm. 

The  results  obtained  for  notched  rotating  beam  specimens,  presented  in  Fig.  4. 1 2,  clearly  display  the  significant 
effect  of  various  surface  treatments  on  the  fatigue  limit.  The  fatigue  limit  is  reduced  about  20  per  cent  on  the  cyanide 
cadmium  plated  steel.  The  blast  pretreatment  raised  it  about  25  per  cent  (discussed  in  section  4.3),  while  baking 
increased  it  about  S  per  cent  above  that  of  the  unbaked  plated  specimen. 


The  effectiveness  of  hydrogen  in  reducing  low  stress,  high  cycle  fatigue  strength,  as  established  by  Bede 
et  al.,l3>  4]  was  confirmed  by  a  number  of  other  investigators,  Harrison  and  Smith PJ  observed  that  this  effect 
not  only  occurred  in  electrolytically  charged  or  plated  specimens,  but  also  in  high  strength  steel  notched  specimens 
charged  by  exposure  to  hydrogen  gas  at  a  temperature  of  1000  C. 

Russian  investigators, l&l  found  ihat  the  number  of  cycles  to  fracture  is  inversely  proportional  to  the  current 
density  applied  to  smooth  sheet  flexure  specimens  polarized  cathcdically  during  fatiguing  in  3  per  cent  NaC  1  solution 
at  a  constant  stress. 

Weddenl^l  has  ascribed  the  reduction  in  fatigue  strength  to  the  embrittling  effect  of  hydrogen  on  steel.  If 
this  is  true,  removal  of  the  embrittling  hydrogen  atoms  should  enhance  the  fatigue  behavior  of  steel.  This  was  observed 
by  Heller  and  Janicket^l  who  succeeded  in  markedly  increasing  the  low  stress,  high  cycle  fatigue  limit  by  annealing 
hydrogen  containing  high  strength  steel  at  200  C  and  400  C,  as  pictured  in  Fig.  4.13.  Disregarding  the  limited  effect 
of  the  annealing  temperature,  the  hydrogen  effect  is  superimposed  on  the  normal  effect  of  repeated  stress  in 
determining  the  fatigue  behavior  of  the  steel. 


of  tint*  to  tot u»* 


Fig.  4. 12  -  Rotating  beam  fatigue  results  for  H-11  Fig.  4. 13  -  Effect  of  hydrogen  removal  on  fatigue 

steel  showing  the  effect  of  different  plating  strength  of  high  strength,  abrasion  resistant  urn 

treatments.  AH  specimens  were  notched,  notched  steel  specimens.  The  hydrogen 

UT$2S0ksi,  Kt"  4.2,  stress  ratio  «• 1.0 ,  content  of  the  specimens  in  the  as-roiled 

machine  speed  1(fl  cpm ,  condition  and  those  annealed  at  200  C 

foe  100 hours  was  2.8 and 0.8 ml /100g 
Fa  respectively  (STPl 


Beck  et  ai.  found  that  removal  of  hydrogen  from  steel  by  vacuum  melting  improved  the  fatigue  limit  of 
cyanide  cadmium  plated  steel  which  is  in  agreement  with  the  above  findings. 

4.3  MECHANISM  OF  REDUCTION  OF  FATIGUE  LIMIT  8Y  HYDROGEN 

One  of  the  factors  involved  in  the  mechanism  which  determines  the  decrease  in  fatigue  limit  of  notched 
cyanide  cadmium  (dated  specimens  is  the  stress  concentration,  since  the  effect  on  unnotchcd  specimens  is  in 
general  slight. 

It  is  conceivable  that  the  coating  itself  exerts  a  detrimental  effect  on  the  fatigue  strength  of  the  substrate 
metal,  since  it  has  been  shown  that  the  cracks  in  chromium  electrode  posits  nuy  act  as  stress  raisers  on  the  surface  of 
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the  substrate!  1.  In  contrast  to  a  chromium  electrodeposit,  the  cadmium  layer  HI  was  found  to  be  free  of  crack- 
inducing  residual  tensile  stresses.  The  increase  in  the  fatigue  limit  of  the  vacuum  plated  specimens  (Fig.  4.13)  is 
soieiy  the  result  of  the  compressive  stresses  introduced  into  the  steel  surface  during  the  blast  cleaning  treatment. 
treatmen/r]1118  WWe  °btained  recently  by  Wedden>  who  applied  a  sprayed  aluminum  coating  subsequent  to  a  blast 

It  is  well  known  from  hydrogen  embrittlement  studies,  that  the  presence  of  cyanide  effectively  stimulates 
introduction  of  hydrogen  into  steel  during  any  type  of  cathodic  treatment  HO],  whereas  vacuum  deposition  does 
not  induce  embrittlement  l  J .  These  facts,  along  with  the  beneficial  effect  of  baking,  are  considered  strong  in¬ 
dications  of  a  definite  relationship  between  the  embrittling  effect  of  hydrogen  and  the  reduction  of  fatigue  strength 
and  limit. 

Sachs!1 1  did  not  attempt  to  advance  a  mechanism  to  explain  the  hydrogen  effect.  He  labeled  the  reduction 
of  the  low  cycle  fatigue  strength  for  cyanide  cadmium  plated  specimens  simply  a  hydrogen-embrittlement 
phenomenon. 

The  facts  summarized  above  are  considered  an  indication  that  high  stress,  low  cycle  fatigue  failures  are 
caused  by  increasing  internal  stresses  in  much  the  same  way  as  deformation  by  static  straining.  Electron  micro¬ 
scopic  studiesl12J  have  given  fairly  conclusive  evidence  that  this  mechanism  is  basically  correct.  This  type  of 
fatigue  failure  then  becomes,  in  effect,  analogous  to  a  delayed  static  fracture.  Hence,  in  accordance  with  the  theory 
of  Troianol  J  at  stresses  applied  in  the  range  of  delayed  fracture,  the  reduction  in  fatigue  life  would  only  be 
dependent  on  the  development  of  a  critical  hydrogen  concentration  in  the  area  of  highest  triaxial  stress.  This 
would  be  attained  rather  quickly  after  cathodic  treatment  in  a  cyanide-containing  solution,  as  indicated  by  the  ex¬ 
perimental  facts  (Fig.  4.1 1). 

It  is  more  difficult  to  propose  a  mechanism  which  determines  the  low  stress,  high  cycle  fatigue  behavior  of 
notched  hydrogen-containing  specimens.  This  phenomenon  cannot  be  discussed  on  the  basis  of  a  predominantly 
static  phenomenon  because,  from  a  mechanical  point  of  view,  it  is  hardly  possible  to  ignore  the  combined  effect  of 
stress  and  high  cycling  on  the  fatigue  behavior  of  the  metal.  Wood  and  Bendlerl14)  suggested  the  concept  that,  in 
the  presence  of  sharp  notches  on  the  surface  of  specimens  subjected  to  cyclic  stressing,  abnormal  lattice  distortions 
are  produced  within  the  slip  zones  and,  by  their  transformation  into  narrow  fissures,  the  metal  is  weakened  mechan¬ 
ically  and  ultimately  collapses  locally.  Apparently  absorbed  hydrogen  accelerates  this  transformation. 

There  seems  to  be  little  doubt  that  in  any  mechanism  which  determines  the  detrimental  effect  of  hydrogen 
on  the  fatigue  behavior  at  any  degree  of  cycling,  the  acceleration  of  the  formation  of  fatigue  cracks  because  of 
embrittlement  of  the  steel  matrix  will  play  an  Important  role  (I51 . 

In  context  with  this  discussion,  recently  published  observations  by  Spitzig  et  all1®!  are  of  considerable 
interest.  According  to  these  investigators,  the  acceleration  of  the  propagation  rate  of  fatigue  cracks  (high  stress,  low 
cycles)  in  a  dry  hydrogen  atmosphere  is  the  result  of  progressive,  localized  embrittlement  in  microscopic  regions  In 
the  vicinity  of  the  crack  tip.  The  above  hypothesis  of  tho  hydrogen  accelerated  transformation  of  abnormal  lattice 
distortions  Into  narrow  fissures,  if  slightly  modified,  might  then  explain  the  role  of  hydrogen  in  accelerating  the  rate 
of  crack  propagation  in  Spitzlg’s  experiments.  The  experiments  of  this  investigator  and  others  indicate  that  there 
are  two  environments  instrumental  in  the  generation  of  Use  embrittling  hydrogen  atoms.  One  environment  requires 
the  strict  exclusion  of  moisture,  whereas  the  other  is  totally  dependent  upon  the  presence  of  moisture. 

In  the  first  environment  hydrogen  atoms  are  generated  by  the  catalytic  effectiveness  of  freshly  formed  steel 
surfaces  (presence  of  moisture  adversely  affects  hydrogen  adsorption)  to  activate  dissociation  of  adsorbed  hydrogen 
molecules  (activated  adsorption)  whereas  hydrogen  generation  is-  the  result  of  electrolytic  processes  in  the  second 
environment. 

4.4  FATIGUE  OF  ROLLING  SURFACES  ACCELERATED  BY  HVOROGEN 

Interesting  observations  concerning  water  (hydrogen)  accelerated  fatigue  of  rolling  steel  surfaces  were 
reported  by  Grunberg,  Jamieson  and  Scott  1 1 7I .  They  observed  that  rolling  bearings  are  subjected  to  surface  fatigue 
failure  which  » initiated  by  the  formation  of  pits,  resulting  front  the  repeated  compression-tension  cycles  during  the 
roiling  action.  The  soiled  "pitting  life",  that  Is.  the  time  which  elapses  before  the  first  pit  appears,  is  greatly 
dependent  on  the  environment  in  which  stressing  occurs.  Different  lubricants  produce  different  pitting  lives  under 
identical  conditions  of  stressing.  For  example,  the  presence  of  water  in  petroleum  lubricants  causes  acceleration  of 
pit  formation,  accelerates  tho  propagation  of  cracks  once  they  have  been  formed,  and  often  leads  to  complete 
fracture  of  ball  bearings. 
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Grunberg  et  al.  conducted  experiments  to  determine  the  cause  of  this  phenomenon.  They  used  a  special 
four  ball  wear  test  apparatus  which  simulates  the  rolling  and  sliding  action  occurring  in  angular  contact  ball  bearings. 
All  balls  were  made  of  ultra  high  strength  steel.  High  unit  loads  were  used  and  failure  occurred  on  the  running  track 
of  the  driving  ball .  ° 

Runs  were  made  with  lubricants  in  a  dry  state,  and  containing  “neutral”  or  tritium  labeled  water  for  the 
purpose  of  measuring  the  quantity  of  hydrogen  absorbed  by  the  stressed  material.  The  total  hydrogen  content 
in  the  driving  ball,  obtained  by  high  temperature  vacuum  extraction,  was  found  to  be  greater  by  a  factor  of 
more  than  100  than  the  hydrogen  equivalent  of  the  tritium  present.  This  difference  was  explained  to  be  due  to 
hydrogen  generated  by  the  cracking  of  the  oil  in  the  presence  of  water.  Hence,  acceleration  of  pitting  and  fatigue 
crack  growth  is  the  result  of  hydrogen  embrittlement. 

In  addition  to  the  moisture  hypothesis,  attempts  were  made  to  explain  hydrogen  production  as  a  thermal 
phenomenon,  induced  by  the  comparatively  high  surface  temperature  of  friction  (400  to  500  C)  of  the  heavily 
loaded  balls  (300  to  500  kg.)  for  rather  long  periods.  Confirmation  of  this  hypothesis  was  seen  in  the  fact  that 
rolltng  surface  fatigue,  which  is  accelerated  by  hydrogen  embrittlement,  was  more  marked  in  the  relatively  thermally 
unstable  paraffinic  oils,  than  in  the  more  stable  naphthenic  oils.  The  investiptors  conclude  that  hydrogen  penetration 
is  the  controlling  factor  in  crack  initiation  during  rolling  surface  fatigue  of  steel. 

later  chapter  ^  behavlor  311(1  fati8u«  strength  and  limit  of  vacuum  degassed  steel  will  be  reported  in  a 
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CHAPTER  5 

EFFF^T  OF  MICROSTRUCTURE  AND  COMPOSITION  ON  HYDROGEN 
EMBRITTLEMENT  AND  HYDROGEN  STRESS  CRACKING 


5.1  THE  ROLE  OF  MICROSTRUCTURE 

The  role  of  microstructure  in  the  hydrogen  induced  brittle  failure  phenomenon  is  not  understood  clearly, 
therefore,  only  a  brief  discussion  of  some  pertinent  cases  is  included  in  this  chapter.  The  possible  differences  in 
hydrogen  embrittlement  susceptibility  of  steels  with  bainitic,  pearlitic,  ferritic  and  martensitic  structures,  and  the 
effects  of  retained  austenite  were  discussed  by  Eisea  and  Fletcher t  ^  ^ .  In  view  of  the  above  uncertainties,  suffice  it  to 
quote  their  report  and  to  summarize  a  few  additional  results  of  studies. 

Cain  and  Troiano^l  and  Slaughter  et  al.PI  performed  sustained  load  delayed  failure  measurements  on 
notched  AISI 4620  and  4140  steel  specimens,  heat  treated  to  different  strength  levels.  The  measurements  were  made 
after  cathodic  charging,  cadmium  plating  and  normalization  of  the  hydrogen  distribution  by  thermal  treatment  for 
30  minutes  at  300  F.  They  found,  as  depicted  in  Fig.  5.1  that  at  a  nominal  tensile  strength  of  100  ksi,  a  normalized 
structure  (mixed  ferrite  and  pearlite)  was  more  susceptible  than  either  tempered  martensite  or  tempered  bainite. 


Figure  6.  1  -  Measurements  showing  low  resistance  to  delayed  fracture  of  a  normally  structure  (mixed 
ferrite  and  pearlite}  as  compared  with  tempered  bainite  and  tempered  martemite  (AISI 
4620 steel,  nominal  strength  level  100  ksi}.  Specimen  charged  cathodicafly  and 
cadmium  plated.  Hydrogen  distribution  normalised  by  annealing 
for  JO  min.  at  300  F. 
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At  the  higher  strength  level  of  120  ksi,  tempered  and  austempered  bainite  respectively,  were  lest  resistant  to 
delayed  brittle  failure  than  ^mpered  martensite.  At  a  strength  level  of  140  ksi,  Ore  pearlitic  structure  was  leu 
resistant  than  tempered  bainite  and  tempered  martensite  (Figs.  S.2  and  5  J). 


Fig.  52-  Umurmtmtt  ahowing  tow  nnhtance  to  delayed  fracture  of  tempered  and  auttempated 
bainite  at  compared  with  tampered  mertanaits  (AiSi  4520  ataei.  UTS  120  Mi.  Specir.ten 
c athodkaity  charged  and  cadmium  piatad.  Hydrogen  (attribution  normalized  by  annealing 

for  30  min,  at  300  F. 


Fig,  5.3  -  Meeauramenta  Owning  tow  rnktemm  to  delayed  fracture  of  a  peartitk  ttnrctute 
at  contend  with  tampered  bainite  and  tempered  manamita  tAISi  4140  ami.  UTS  140 
ktii.  Specimen  charged  cathodkaMy  end  cadmium  plated.  Hydrogen  (attribution 
nomeliredby  annealing  for  30  min,  at 300 F. 
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Thus,  Cain  and  Troiano  concluded  that  the  resistance  of  a  material  to  delayed  failure  cannot  be  judged  on 
the  basis  of  strength  alone.  It  appears  that  niicrostructure  exerts  an  even  greater  influence  on  hydrogen  susceptibility 
than  strength  level.  These  conditions  are  strongly  supported  by  the  behavior  of  maraging  steels  (to  be  discussed 
later),  which  despite  their  extremely  high  strength,  have  a  remarkably  high  hydrogen  tolerance. 

Boniszewski  and  Baker HI  made  studies  of  notched  specimens  of  vacuum  melted  9Ni-7Mn  high  strength 
steel.  Hie  specimens  were  charged  in  one  atmosphere  of  hydrogen  at  9S0C  for  30  minutes  and  subsequently  quenched. 
The  susceptibility  to  hydrogen  stress  cracking  was  increased  considerably  by  the  introduction  of  twinned  martensite 
(produced  by  rapid  quenching)  into  the  martensitic  structure. 

Benjamin  and  SteigerwaldH!  investigated  delayed  failure  behavior  of  a  number  of  high  strength  steels  in 
distilled  water  and  a  3N  NaCl  solution  using  center  notched  precracked  specimens.  Results  obtained  with  9Ni*4Co 
steels,  (HP  9445  and  HP  94-25)  at  the  same  strength  are  included  in  their  report.  Martensitic  HP  9445  has  a 
twinned  martensitic  structure  with  a  high  concentration  of  carbides  at  platelet  boundaries  as  well  as  within  the 
platelets.  Conversely,  the  bainitic  HP  94*25  is  not  twinned  and  has  a  more  uniform  distribution  of  the  carbides  and 
no  indicated  preference  for  precipitation  at  platelet  boundaries.  They  stated  these  differences  are  sufficient  to 
suggest  that  the  delayed  failure  kinetics  in  these  steels  are  regulated  by  martensite  or  carbide  morphology  or  both. 
The  twinned  structure  or  the  preferential  carbide  distribution  in  the  HP  9445  martensite  provides  a  network  of  high 
energy  boundaries  which  could  produce  a  preferred  path  for  crack  propagation,  thus  accelerating  the  iaie  of  crack 
growth. 

Benjamin  and  Steigerwald  emphasize  that  if  composition  alone  was  the  primary  cause  of  the  observed 
differences  in  the  kinetics  of  delayed  failure,  the  various  structures  in  the  9Ni4€o  steels  would  exhibit  comparable 
behavior.  However,  the  appreciably  difference  in  failure  kinetics  produced  by  heat  treatment  or  changed  carbon  con* 
tent  indicate;  the  significance  of  structural  control  and  is  in  agreement  with  the  findings  of  Cain  and  TroianoPl . 

The  acceleration  of  crack  propagation  by  the  presence  of  twinned  martensite  in  the  microstructure  of  the 
high  strength  9Ni4Co  alloy  agrees  well  with  the  above  reported  results  obtained  by  Boniszewski  et  al  HI  on  the 
9Ni*7Mn  alloy.  The  fact  that  this  investigator  employed  specimens  which  contained  a  rather  high  quantity  of 
hydrogen*  indicates  again  that  the  mechanism  which  controls  fractwe  kinetics  Is  hydrogen  stress  cracking  and  not 
stress  corrosion  cracking  (See  Chapter  6). 

5.2  AUSTENITIC  VERSUS  MARTENSITIC  STRUCTURE 

Blanchard  and  Troiano!6)  studied  the  hydrogen  embrittlement  susceptibility  of  several  fee  alloys,  fa  order 
to  induce  embrittlement,  they  had  to  intensify  electrolytic  charging  conditions  materially.  The  effect  of  strain  rate 
on  ductility  of  a  72Nf-28Fe  alloy  is  plotted  in  Pig.  $.4  which  shows  decreasing  embrittlement  with  increasing  cross 
hesd  speed. 


*The  hydrogen  extracted  at  650  C  after  quenching  reached  a  steady  value  of  approximately  4  cc  (SI?)  per  lOOgrc 
(containing  0. 1  present  carbon). 


ftp  54  -  effect  of  crass  heed  speed  on  ftecture  ductility  of  art  eutteniik  T3Hi-3Wi  alloy.  Efectrotybcelfy 
charged  with  hydrogen  in  2hi  H3SO4  con&iok.  jepfomotor,  foUcmed  tty  cedmkten ptstinp. 
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The  next  figure  depicts  increasing  ductility  of  charged  austenitic  80Ni-20Cr  alloy  with  increasing  aging 
(baking)  time,  and  complete  restoration  of  ductility  at  1000  minutes.  From  these  and  other  results  Blanchard  and 
Troiano  conclude  that  austenitic  alloys  are  definitely  susceptible  to  hydrogen  embrittlement. 


Fig.  5.5-  Recovery  of  ductility  of  a  hydrogenated  80Ni-20Cr  austenitic  alloy  with  aging  (250 F). 

Charged  eiectrolyticaily  with  hydrogen  in  2N  H2SO4  with  a  promotor, 
followed  by  cadmium  plating. 

These  conclusions  were  confirmed  by  Whiteman  and  Troiano!7!  who  found  that  fee  type  3 1 0  stainless  was 
embrittled  by  hydrogen  in  the  same  way  as  a  low  alloy  bcc  steel.  However,  the  amount  of  hydrogen  necessary  to  pro¬ 
duce  this  phenomenon  in  the  fee  structure  was  one  to  two  orders  of  magnitude  greater.  In  addition,  there  is  strong 
resistance  for  penetration  of  hydrogen  to  any  appreciable  depth.  This  Inhibition  of  hydrogen  Introduction  and 
penetration  is  probably  due  to  the  presence  of  oxide  coatings  and  the  decreased  diffusivity  of  hydrogen  In  high  Nl, 
high  Cr  or  high  N'+Cr  iron  alloys  (discussed  later). 

Hobson  and  Hewitt!#)  reported  that  with  increasing  cold  working  of  austenitic  Cr-Nl  steels,  austenite  is 
transformed  to  martensite  as  a  result  ofausformlng.and  that  the  susceptibility  to  hydrogen  embrittlement  is  increased. 
On  the  other  hand.  Beck  and  hmkowsky  ($1  showed  that  tn  an  ausformed  low  alloy  steel,  sensitivity  to  brittle  fracture 
was  slightly  less  than  In  a  steel  with  a  tempered  martensitic  structure. 

Eiscnkolb  and  Ehrlich  1 10)  and  PopovM  M  demonstrated  the  sensitivity  of  austenitic  steels  to  embrittle* 
merit  and  hydrogen  absorption  by  experiments  with  specimens  that  were  charged  caikodieatiy  in  dilute  acidic  and 
alkaline  solutions  in  ihe  presence  of  promotors.  The  degree  of  embrittlement  was  found  to  be  rather  low  and 
ductility  w«s  quickly  restored  by  room  temperature  aging.  Kisenkolb  et  al,  conclude  that  ferritic  and  martensitic 
steels  arc  mote  prone  to  embrittlement  than  austenitic  structures  and  that  the  hydrown  hund  is  stronger  in  the  bcc 
ilian  in  the  fee  lattice.  These  investigators  assume  that  the  total  quantity  of  hydrogen  Introduced  into  an  austenitic 
steel  is  concentrated  in  a  thin  layer  underneath  the  surface  of  the  specimen,  and  apparently  is  cat.  ed  by  the  high 
resistance  of  the  fee  lattice  to  hvdrogcn  penetration.  This  in  agreement  with  the  findings  of  Whiteman  and 
Troiano!7!. 

Benson  et  al.{!2)  found  that  martensite  is  formed  in  300  scries  unstable  austenitic  steels  by  strain  induced 
plastic  deformation  al  room  temperature.  This  material  becomes  very  susceptible  to  hydrogen  embrittlement.  Con- 
wisely,  stable  austenite  docs  not  transform  and  therefore,  is  not  affected  by  embrittlement. 

In  this  context,  experiments  conducted  by  LagncborgP ’)  with  lustenitic  stainless  steel  alloys  with  18 
percent  chromium  and  various  concentrations  of  nickel  are  of  appreciable  interest.  According  10  this  investigator, 
alloys  with  18  percent  chromium  and  with  nickel  contents  up  to  35  percent,  most  probably  will  be  used  for  the 
cladding  of  fuel  elements  in  fast  steam-cooled  nuclear  reactor*  now  being  developed.  In  these  studies,  tension  speci¬ 
mens  were  charged  with  hydrogen  in  a  molten  salt  bails  of  pure  KHSO4  al  temperatures  of  280  to  2WC  for  4  days 
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at  rather  high  current  densities.  Hydrogen  embrittlement  was  only  observed  when  the  nickel  content  was  either  less 
than  15  percent  or  greater  than  35  percent.  The  susceptibility  to  embrittlement  of  the  materials  with  nickel  con¬ 
tents  below  15  percent  was  attributed  to  the  unstable  austenite  that  transformed  to  martensite  during  deformation. 
(More  details  about  the  embrittlement  behavior  of  stainless  steels  is  given  in  the  next  chapter.) 

5.3  SUSCEPTIBILITY  OF  LOW  ALLOY  AND  STAINLESS  STEELS 

In  1964,  Elsea  and  Fletcher  [  1 1  reported  on  the  effectiveness  of  a  wide  variety  of  alloying  additions, 
comprising  both  substitutional  and  interstitial  elements,  for  increasing  the  resistance  of  steel  to  hydrogen  induced 
delayed  brittle  failure.  In  addition  to  AISI  4340  steel,  they  reported  about  the  effectiveness  of  chromium  and 
nickel  additions  as  hydrogen  embrittlement  retarders  in  AISI  1020  and  4140  steels.  They  also  summarized  reports 
about  hydrogen  damage  afforded  certain  stainless  steels. 

In  1966,  Groenevelt  et  al.  [14]  submitted  new  facts  pertinent  to  this  subject  matter.  They  evaluated  delayed 
hydrogen  stress  cracking  of  specimens  under  sustained  load.  Several  steels  were  tested,  which  were  designated  by 
NASA  to  be  suitable  for  use  in  space  application.  Specimens  were  stressed  to  80  percent  of  the  yield  strength  of  the 
alloy,  and  charged  electrolytically  under  stress  under  three  hydrogen  charging  conditions  designated: 

•  Very  severe 

•  Moderately  sever 

•  Mild 

Evaluation  of  resistance  to  hydrogen  stress  cracking  was  based  on  the  assumption  that  a  failure  delay  ex¬ 
ceeding  200  hours  indicated  no  susceptibility. 

The  results  compiled  in  Table  5.1  are  instructive  and  permit  a  preliminary  rating  of  various  alloys  with  re¬ 
spect  to  their  sensitivity  to  hydrogen  stress  cracking. 


TABLE  5.1  -SUSCEPTIBILITY  OF  VARIOUS  ALLOYS  TO  HYDROGEN  STRESS  CRACKING 
FOR  DIFFERENT  CHARGING  CONDITIONS 

GROUP  1 

Not  susceptible  to  failure  after  200  hours  of  sustained  load  under  very  severe  charging  conditons: 


Alloy  718* 
Waspalloy 
Rene  41 
U-212  Steel 


GROUP  2 


Failed  only  under  very  severe  charging  conditions: 

17-7PH  Stainless  steel 

GROUP  3 

Failed  under  moderately  severe  charging  conditions: 

AM-355  Stainless  Steel 
18NI  Maraging  steel 


AISI  8740  Steel 


GROUP  4 


Failed  under  mild  charging  conditions: 


AISI  H-l  I  Tool  Steel 
1 7-4PH  Stainless  Steel 


(180  ksi  uts) 
(190  ksi) 
(200  ksi) 
(180  ksi) 


(200  ksi) 


(180  ksi) 
(260  ksi) 
(180  Ksi) 


(260  ksi) 
(200  ksi) 


*Ni  base  alloy  developed  by  Inconel  (Ni-19Cr-I8Fe-5Nb-3Mo-0.8Ti-0.6Ai) 


57 


. . . . 


‘  ‘ . . •'*  -**• 


Hydrogen  determinations  were  also  performed,  using  the  tin-fusion  vacuum  extraction  method.  However, 
in  numerous  cases,  there  was  no  dear  cut  relationship  between  total  hydrogen  content  and  susceptibility  to  hydrogen 
stress  cracking,  Groenevelt  conduded  that  hydrogen  distribution  within  the  sample  is  a  more  important  factor  than 
total  hydrogen  content  in  determining  susceptibility  to  failure. 

High  susceptibility  to  delayed  failure  of  notched  AIS1  4340, 4130  and  1020  steel  specimens,  tested  under 
sustained  load  after  cathodic  charging  was  reported  by  J.  W.  SrawleyflS] .  Results  on  1020  steel  agree  well  with 
those  of  Seabrook[16],  who  observed  a  rapid  decrease  in  the  tensile  ductility  with  increasing  quantity  of  total 
hydrogen. 

Bressanell'U^j  worked  with  410  stainless  steel  specimens  embrittled  by  immersion  in  a  50  percent  HC1 
solution,  containing  the  promotor,  Se02.  He  reported  that  considerably  higher  stress  levels  could  be  maintained  for 
a  given  time  in  samples  slowly  cooled  as  compared  with  those  quenched  rapidly.  Isothermal  holding  within  the 
martensite  transformation  range  after  austenitizing  improved  cracking  resistance  after  subsequent  tempering  at 
900  F,  as  compared  with  samples  directly  quenched  and  tempered  at  900  F.  According  to  Bressanelli  extended 
holding  in  the  martensite  range  during  hardening  appears  to  decrease  susceptibility  to  hydrogen  cracking  of  mar- 
quenched  material*  by  producing  a  non-uniform  crack  propagation  retarding  distribution  of  M3C.  Conversely, 
because  of  the  uniform  distribution  of  M3C  in  direct  quenched  and  tempered  material,  very  little  stress  relief 
would  occur  ahead  of  an  advancing  crack  and  the  overall  crack  propagation  rate  would  be  high. 

Figure  5.6shows  striking  differences  between  the  embrittlement  response  of  oil  quenched  and  marquenched 
material.  A  partial  explanation  of  the  complex  embrittlement  behavior  of  the  oil  quenched  material  is  suggested  in  a 
later  section. 


I 

I 


*Marquenching  consists  of  austenitizing  at  1800  F  for  10  minutes,  followed  by  quenching  in  salt  at  700  F,  holding  at 
this  temperature  for  10  minutes,  and  finally  slow  air  cooling  to  room  temperature. 


Fig  5.6  -  Effect  of  tempering  temperature  on  embrittlement  response  of  marq  ienched  and  oil 
quenched  410  stainless  sreei.  Tempering  time  2  hours.  Embrittlement  procedure  •  20  min. 
immersion  in  1: 1 HC1  containing  the  promotor,  SaC>2 
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The  marked  delay  in  the  loss  of  ductility  for  the  marquenched  and  tempered  material  as  compared  with  the 
rapid  breakdown  for  the  oil  quenced  and  tempered  material  is  shown  in  Fig.  5.7. 


Fig.  5.7  -  Plot  showing  a  marked  detoy  in  loss  of  ductility  for  the  marquenched  and  tempered  os 

compared  with  oil  quenched  and  tempered  4 10  stainless  steel.  Tempering  temperature  900  F. 

Embrittled  by  20  min,  immersion  in  1: 1 HC1  solution  containing  the  promotor  Se02- 

Lillys  and  NehrenbcrgH#!  thoroughly  studied  the  problem  of  the  effect  of  tempering  temperature  on 
embrittlement  of  martensitic  stainless  steels.  Their  studies  were  instigated  by  those  of  UhligU?,  20),  who  demon¬ 
strated  on  hardenublc  stainless  (such  as  1 3  Cr  martensitic  stainless  steel)  that  cathodic  polarization  accelerates  crack 
propagation  when  they  are  Immersed  and  stressed  in  a  3  percent  sodium  chloride  solution.  Therefore,  the  failure  Is 
classified  us  “hydrogen  embrittlement". 

Lillys  and  Nchrcnberg  evaluated  the  hydrogen  embrittlement  of  410,  420  and  436  stainless  steels.  In  their 
study  of  these  hardettablc  steels,  bent  beam  specimens  were  stressed  wet!  below  the  clastic  limit  in  a  O.IN  sulfuric 
acid  solution  with  arsenic  as  the  pioinotor.  charged  cathodically,  and  the  time  to  cracking  recorded.  These  in¬ 
vestigators  discovered  that  times  to  failure  vary  with  tempering  temperature,  They  reported  that  embrittlement 
tendency  in  these  steels  heat  treated  to  high  strength  levels,  is  a  minimum  at  the  temperature  at  which  cemcntitc 
begins  to  form  (500  F)  and  is  a  maximum  when  un  incoherent  chromium  carbide  is  formed  at  the  parent  austenite 
grain  boundaries  at  tempering  tompeiaturcs  around  900  F.  These  structural  changes  may  explain  the  results  plotted 
in  Fig.  5.6. 

Recently.  Raymond  and  Kendall (2 1 1  discovered  that  174PM  stainless  sleet  bolts,  which  are  used  on  the 
thrust  chamber  oxidizer  and  fuel  valves  of  tire  Titan  ill,  failed  in  a  brittle  fashion.*  They  proved  tlrat  the  failure  was 


*The  marked  susceptibility  of  I74PH  to  hydrogen  stress  cracking  observed  by  Raymond  and  Kendall  compares 
favorably  with  the  findings  of  Crocncvcll  ct  al.  (See  Table  5.1 ). 
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due  to  hydrogen  stress  cracking.  These  bolts,  which  in  general  have  a  hardness  between  Rc  42  and  47,  can  be  made 
more  resistant  by  decreasing  the  hardness  to  about  Rc  40  by  overaging.  Of  more  general  interest  ate  that  results  of 
tests  obtained  by  these  investigators  on  bolts  subjected  to  cathodic  polarization,  which  was  accomplished  in  a  very 
simple  way  by  coupling  with  aluminum.  Plating  the  bolts  with  a  heavy  nickel-cadmium  coating  was  found  to  be 
effective  in  preventing  failures.  Anodizing  the  aluminum  or  insulating  the  aluminum/steel  interface  with  a  lubricant 
was  beneficial  under  controlled  laboratory  conditions,  but,  by  careless  handling,  the  dissimilar  metal  couple  can 
easily  be  reactivated  and  failure  by  hydrogen  stress  cracking  can  occur. 

Some  time  ago.  Suss  ^2]  studied  the  susceptibility  of  the  17-4PH  alloy  to  stress  cracking  after  subjecting 
it  to  various  aging  treatments.  This  alloy  is  also  used  at  various  temperatures  up  to  600  F,  for  many  important  appli¬ 
cations  in  pressurized  water  reactor  systems.  Frequently,  cracking  was  observed  under  service  conditions  and  ascribed 
to  stress  corrosion.  Suss  used  notched  strip  material,  which  after  aging  at  different  temperatures,  was  stressed  as  a 
four  point  loaded  beam  with  a  uniformly  applied  stress  across  the  surface.  The  specimens  were  placed  in  aqueous 
solutions,  pH  of  5  and  10,  and  exposed  to  a  temperature  of  600  F  in  autoclaves.  It  is  the  considered  opinion  of  Suss 
that  despite  the  comparatively  high  exposure  temperature,  the  resultant  failures  are  mainly  transgranular  brittle 
failures  induced  by  hydrogen.  This  investigator  emphasizes  that,  as  a  result  of  secondary  aging  during  testing,  the 
hardness  of  the  ailoy,  and  thus  the  susceptibility  to  hydrogen  stress  cracking  is  increased.  All  brittle  failures  occurred 
at  a  stress  of  165  ksi  at  die  root  of  the  notch.  A  striking  example  is  the  increase  in  hardness  from  Rc  34.5  to  36.8 
after  700  hours  exposure  in  the  autoclave. 

5.4  BENEFICIAL  EFFECTS  OF  SILICON  AND  CHROMIUM  ADDITIONS 

Studies  by  Sachs,  Klier,  and  Muvdl  [23]  rcvealed  the  beneficial  effect  on  embrittlement  by  addition  of  1.5 
percent  silicon  to  various  types  of  low  alloy  steels,  heat  treated  to  strength  levels  between  240  and  280  ksi.  The 
next  figure  depicts  the  remarkable  resistance  of  the  Hy-Tuf  Steel  to  delayed  brittle  cracking  at  any  value  of  the 
notch-stress  concentration  (Kt).  Similar  results  were  obtained  for  UHS-260  steel.  A  possible  reason  for  the  enhanced 
resistance  of  the  silicon  containing  steels  will  be  discussed  in  Section  5.6. 


Time  to  fracture, hour* 


Fig  5.8  -  Beneitciei  effect  of  theedditlon  of  silicon  (1.5%)  es  shown  by  the  merked  delay  in  fracture 
time  end  the  high  vetoes  of  tower  critics)  stress  for  Hy  •  Tuf  stent  (260-280 ksi)  embrittled  by  ce&nium 
pieting  Oeta  ere  shown  for  4  different  notch-stress  concentre  tions. 
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Beck  and  Jankowsky  (24]  studied  the  effect  of  the  chromium  content  on  the  stress  rupture  life  of  notched 
specimens.  Fig.  5.9  vividly  illustrates  the  beneficial  effect  of  increasing  chromium  concentrations  on  the  embrittle¬ 
ment  sensitivity  expressed  in  percent  of  notch  tensile  strength  of  the  unplated  specimen.  The  tendency  to  delayed 
brittle  cracking  is  seen  to  decrease  markedly  up  to  a  chromium  concentration  of  about  8  percent.  When  this  limiting 
value  is  exceeded,  ihe  favorable  effect  is  overshadowed  by  rapidly  increasing  notch  sensitivity,  and  the  resistance 
to  cracking  falls  accordingly.  Mechanisms  suggested  for  explaining  the  beneficial  effect  of  chromium  will  be  dis¬ 
cussed  in  Section  5.6. 


Chromium  content,  (wt %) 


Fig.  5.9  -  Beneficial  effect  of  increasing  chromium  concentration  on  the  notch  tensile  strength  ( NTS ) 
of  cadmium  plated  steel  1 260-280  ksi).  NTS  is  primarily  controlled  by  notch  sensitivity  when  the 
chromium  concentration  exceeds  8  percent. 


5.5  MARAGING  STEELS,  AND  STEELS  DEHYDROGENATED  BY  REFINED  MELTING 
TECHNIQUES 


The  precipitation  hardening  ultra  high  strength  (in  excess  of  500  ksi)  steels,  commonly  designated  "maraging 
steels" ,  show  remarkable  resistance  to  hydrogen  stress  cracking  and  are  very  desirable  for  the  production  of  com¬ 
ponents  to  withstand  high  stresses.  Large  sections  can  be  hardened  with  slow  cooling  rates  minimizing  internal 
stresses.  Components  can  be  machined  in  the  relatively  soft  us-transformed  state  and  the  full  properties  developed 
subsequently  by  a  moderate  .emperature  aging  treatment.  Ductility  and  notch  toughness  of  these  steels  have 
received  considerably  attention,  particularly  the  l8Ni-8Co-5Mo  alloys! ^1. 

The  cracking  response  to  hydrogen  of  a  steel  of  this  composition  has  been  studied  recently  by  Gray  and 
Troiano(26| ,  Specimens  used  had  an  ultimate  tensile  strength  of  290  ksi,  a  yield  strength  of  285  ksi,  an  elongation 
of  1 1  percent  and  reduction  in  area  of  55  percent.  The  ratio  of  notch  tensile  to  tensile  strength  was  1.4.  A  compari¬ 
son  of  the  tensile  ductility  of  this  type  of  steel  with  A1S1  4540  was  made  after  charging  cathodicully  in  a  4  percent 
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sodium  hydroxide  solution  saturated  with  sodium  cyanide.  The  results  are  plotted  in  Fig.  5.10.  It  is  apparent  that 
4340  steel  is  embrittled  severely  when  charged  at  20  MA/in2  for  as  little  as  5  minutes.  With  maraging  steel,  however, 
charging  times  of  9  to  12  hours  are  required  to  achieve  the  same  loss  of  ductility. 


Fig,  &  to-  Marked  resistance  of  maraging  steel  to  embrittlement  as  compared  with  A ISI 4340 steel,  is 
Indicated  by  the  Increased  charging  times  necessary  to  reduce  tensile  ductility. 

The  two  steels  also  display  different  recovery  characteristics,  as  depicted  in  Figure  5.11.  Besides  its  in¬ 
creased  resistance  to  embrittlement,  maraging  steel  regains  ductility  much  faster  than  AIS1  4340  steel.  Under 
similar  conditions  of  hydrogenation,  AIS1  4340  steel  required  24  hours  of  baking  at  300  F  to  recover,  while  the 
maraging  steel  recovered  In  about  10  minutes.  Recovery  is  difficult  only  If  the  maraging  steel  is  severely  charged  with 
hydrogen. 

In  addition  to  the  above  described  experiments,  vacuum  fusion  analysis  was  performed  on  hydrogen 
charged  bats  after  various  aging  times.  In  Figure  5,12  the  effect  of  increasing  baking  time  is  portrayed.  The 
hydrogen  contents  are  given  on  the  recovery  curves  for  the  two  types  of  steels.  It  is  apparent  that  hydrogen  is  pro 
sent  in  substantially  greater  quantities  in  maraging  steel  than  necessary  to  achieve  the  same  relative  embrittlement  as 
in  AISI  4340  steel.  The  above  investigators  conclude  that  maraging  steel,  even  at  very  high  strength  levels,  tolerates 
rather  great  quantities  of  hydrogen  in  terms  of  ductility  loss  and  propensity  to  static  brittle  failure. 

Bonlszewskil22! ,  also  showed  that  maraging  steel  with  18  percent  nickel  has  superior  resistance  to  hydro¬ 
gen  embrittlement,  when  compared  with  medium  carbon  low  alloy,  high  strength  steel  in  the  as-quenched  condition*. 
These  data  substantiate  the  results  obtained  by  Gray  and  Troiano. 

Di Barit2®'  recently  reported  that  maraging  steel  appears  to  be  less  susceptible  to  plating  embrittlement 
than  AISI  4340  steel.  Hydrogen  embrittlement  studies  on  maraging  steel  were  also  performed  by  Parkins  and 
Haney t2^]  and  by  Leckie  and  Loglnowt^Ol .  Hartbower  ct  si.^H  using  the  highly  sensitive  acoustic  technique  of 
stress  wave  analysis,  did  not  find  any  susceptibility  to  hydrogen  stress  cracking  on  strongly  hydrogenated  I8Ni  marag- 
ing  steel.  Mechanisms  for  the  benefleiai  effect  of  a  high  nickei  content  are  suggested  in  section  5.6. 


•This  steel  was  quenched  rapidly  from  high  temperature  and  was  in  the  microstructural  condition  to  be  found  in 
the  weld  heat  affected  zone  immediately  after  welding.  The  material  was  austenitized  in  I  atmosphere  of  hydrogen. 
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Fig.  5,11  -  High  rate  of  recovery  of  ductility  of  maraging  steels  as  compared  with  A ISI 4340 steel,  is 
indicated  by  the  much  shorter  baking  times  requited  to  regain  ductility.  Baking  temperature  300  F. 


Fig.  512  ~  High  hydrogen  tolerance  of  maraging  steel  as  compared  with  A  ISI  4340  steel  is 
indicated  by  the  larger  quantities  of  hydrogen  required  to  produce  the  same  degree  of 
embrittlement.  Baking  temperature  300  F. 


Sustained  load  experiments  were  performed  with  notched  specimens  plated  with  cadmium  from  the  cyanide 
bath  by  Hatfield and  by  Dowty  Rotol,  Ltd.,  in  Great  Britain^]  an(j  confirmed  the  comparatively  low 
sensitivity  of  the  18  Ni  maraging  steel  to  hydrogen  stress  crackings’ll  _ 

Besnardl^^l  did  not  determine  hydrogen  embrittlement  but  found  that  as  the  purity  of  iron  increased,  for 
example,  in  the  sequence  Armco  iron,  electrolytic  iron,  and  zone  refined  iron,  the  quantity  of  absorbed  hydrogen  de¬ 
creased  progressively  in  the  same  order.  In  these  experiments,  the  iron  was  annealed  for  24  hours  at  850  C,  in  a  stream 
of  dry,  high  purity  hydrogen.  This  investigator  showed  that  embrittlement  promotors  when  added  to  an  electrolytic 
charging  bath  are  effective  on  Armco  or  electrolytic  iron,  but  not  on  the  highest  purity  zone  refined  iron.  Embrittle¬ 
ment  behavior  of  Armco  iron  was  also  studied  by  Perlmutter  and  Dodge  [37] , 

Beck  et  al.P®l  reported  that  extraction  of  residual  hydrogen  by  a  refined  melting  technique  enhanced  the 
ductility  of  a  steel  p9].  This  improvement,  according  to  the  above  mentioned  investigators  is  the  reason  that 
cadmium  plated  vacuum  melted  steel  appears  to  be  less  prone  to  brittle  cracking  than  air  melted  steel.  Results  of 
pertinent  measurements  are  depicted  in  Fig.  5.13.  The  curves  indicate  that  the  highest  values  for  the  lower  critical 
stress  are  obtained  for  those  steels  which  were  purified  by  double  vacuum  remelting.  Similar  findings  were  made 
by  Brittain,  l^l  who  reported  that  a  high  strength  Cr-Mo-V  steel,  when  made  up  with  air  melted  steel  could  not 
sustain  loads  approximately  half  as  large  as  those  carried  by  the  same  alloy  made  from  vacuum  melted  steel.  The 
specimens  were  hydrogenated  by  cadmium  plating. 


Fig  £13  -  Improvement  of  upper  end  lower  critical  stress  by  refinement  of  melting  technique. 
Hydrogenation  by  cadmium  plating  of  high  strength  AISI 4340  steel. 

AM  -  Electric  Furnace  Air  Melt,  heat  No.  1 

VAR  -  Part  of  heat  No.  I  vacuum  remelted  as  consumable  eietrodes. 

VIM  -  Vacuum  induction  melted,  heats  No.  2  and  3. 

VtR  -  Part  of  heats  No,  2  and  3.  Vacuum  remelted  as  consumable  eietrodes. 
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Results  obtained  by  Fransson  et  al.t^l]  wh0  worked  with  cathodically  charged  bent  beam  specimens, 
carrying  a  single  edge  notch,  did  not  agree  with  those  summarized  above.  These  investigators  take  issue  with  the  con¬ 
clusions  drawn  by  Beck  that  the  vacuum  treatment  “per  se”  is  the  reason  for  the  decrease  in  sensitivity  to  delayed 
fracture.  This  statement  made  by  Fransson  is  a  rather  odd  one,  because  as  was  mentioned  above,  Beck  discussed  the 
the  improved  resistance  to  hydrogen  cracking  in  the  light  of  an  “indirect”  effect.  And  it  was  emphasized  that  the 
enhanced  resistance  to  delayed  failure  was  due  solely  to  vacuum  extraction  of  (embrittling)  hydrogen  from  the  steel 
prior  to  plating.  Actually,  Fransson  indirectly  proved  this  hypothesis  to  be  correct,  by  demonstrating  that  introduc¬ 
tion  of  hydrogen  into  the  specimen  in  quantities  greatly  exceeding  those  diffusing  into  the  steel  during  cadmium 
plating,  overshadowed  the  favorable  effect  of  the  removal  of  residual  hydrogen.  In  addition,  it  should  be  emphasized 
that  differences  in  the  geometry  of  a  test  specimen  notch  configuration  and  acuity,  and  type  of  load  application, 
markedly  affect  the  quantity  of  hydrogen  charged  into  the  steel,  and  thus  its  embrittlement  characteristics. 

5.6  GENERAL  CONSIDERATIONS  OF  THE  EFFECTS  OF  THE  ALLOYING  ELEMENTS 

A  number  of  attempts  were  made  to  explain  the  reduced  susceptibility  to  hydrogen  cracking  accomplished 
by  addition  of  silicon  or  chromium  to  steel.  The  beneficial  effect  of  chromium,  may  be  discussed  in  the  light  of  a 
hypothesis,  advanced  by  Troianol^l  to  explain  the  increase  in  tensile  ductility,  accomplished  by  addition  of  iron 
or  chromium  to  nickel.  Troiano  suggested  that  the  electrons  of  hydrogen  in  solution  in  a  transition  metal  join  the  d 
band  of  the  metal.  If  the  alloying  metal  being  added  has  fewer  electrons  in  the  third  band  than  the  solvent  metal,  then 
the  repulsive  forces  between  the  metallic  cores  will  be  lower,  hydrogen  added  to  the  system  will  not  produce  as  great 
an  energy  increase,  and  embrittlement  will  not  be  as  great.  Chromium  fulfills  the  requirements  of  such  a  hypothesis 
since  it  has  only  five  electrons  in  its  third  band  compared  with  six  for  iron.  Therefore,  as  the  chromium  content  of 
an  iron  alloy  system  is  raised,  the  repulsive  forces  and  the  embrittlement  produce  by  hydrogen  atoms  introduced 
into  the  system  should  decrease. 

The  experimental  alloys  mentioned  above  P7!  contained  0.4  percent  vanadium  which  also  fits  this  hypoth¬ 
esis.  Therefore,  it  should  also  add  to  the  beneficial  effect  of  chromium. 

According  to  Boniszewski.P7!  the  improvement  of  the  resistance  to  cracking  is  related  to  the  alpha  phase 
ferrite  in  maraging  steel.  Troiano P6|  advanced  the  opinion  tlut  the  key  to  the  diminished  susceptibility  of  ntarag- 
ing  steels  to  hydrogen  damage  most  probably  lies  in  the  structure.  These  steels  have  small  grains,  and  a  fine  distribu¬ 
tion  of  precipitate  particles.  It  may  be  thut  much  of  the  introduced  hydrogen  is  adsorbed  on  internal  Interfaces, 
including  surfaces  of  precipitate  particles.  Troiano  theorized  that  the  high  dislocation  density  of  the  maraging  steels 
and  attendant  emotion  of  vacancies  may  be  involved  in  bonding  a  substantial  quantity  of  this  hydrogen.  Since  this 
hydrogen  is  not  in  solid  solution,  it  is  In  an  innocuous  state.  The  effects  of  alloying  elements  on  hydrogen 
diffusivity  in  steel  lias  been  studied  by  various  investigatorsH^7} . 
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CHAPTER  6 


THE  PROBLEM  OF  DIFFERENTIATING  BETWEEN  STRESS  CORROSION 
CRACKING  AND  HYDROGEN  STRESS  CRACKING 

IX#.e  the  great  similarity  between  the  fracture  phenomena  of  hydrogen  stress  cracking  (HSC)  and  stress 
corrosion  cracking  (SCC),  they  might  be  controlled  by  different  fracture  mechanisms,  and  the  limiting  conditions 
for  the  occurrence  of  these  two  types  of  cracking  appear  different. 

According  to  Fletcher,  Berry  and  Elseal  H  SCC  is  a  process  in  which  a  crack  propagates,  at  least  partially, 
by  stress  induced  corrosion  of  a  susceptible  metal  at  the  advancing  tip  of  the  crack.  There  is  convincing  evidence 
that  the  cracking  results  from  elects  ochemical  corrosion  of  a  metal  subjected  to  tensile  stresses, 

KSC  may  be  initiated  by  the  impregnation  of  a  me.vl  with  hydrogen  from  the  gas  phase,  and  from  various 
electrochemical  iuid  chemical  processes.  According  to  Troianol^l  certain  conditions  must  prevail  before  HSC  will 
occur.  They  are  a  critical  combination  of  hydrogen  and  stress  in  a  susceptible  material  at  a  location  suitable  for  crack 
nudeation  under  conditions  permitting  absorption  of  the  hydrogen  by  the  steel, 

8.1  EFFECTS  OF  VARIOUS  PARAMETERS  ON  HSC  AND  SCC 

The  effects  of  various  parameters  on  both  types  of  cracking  may  be  summarized  as  follows: 

6.1.1  STRENGTH  LEVEL 

A  minimum  ultimate  tensile  strength  of  about  100  ksl  and  a  minimum  yield  strength  of  about  80  ksi  are  re* 
quired  for  initiation  of  HSC.  Conversely,  SCC  is  encountered  in  steels  of  all  strength  levels. 

6.1.2  COMPOSITION  AMP  STRUCTURE 

All  high  strength  steels,  having  bair.itic,  peariitre,  ferritic,  martensitic  or  austenitic  structure  are  susceptible 
to  HSC.  Martensltk  structures  arc  much  more  sensitive  to  HSC  than  austenitic.  Maraglng  steel  Is  only  slightly 
susceptible  to  HSC. 

6.1.3  APPLIED  STRESS 

The  tiirectionalliy  of  the  applied  stress  plays  the  same  rote  in  SCC  u  in  HSC.  Compressive  stresses  giv- 
protection  agaii  >1  SCC  as  well  as  HSC. 

o.l,4  general FACTORS 

Both  HSCand  SCC  arc  environment  dependent.  Anodic  polar  Station  causes  SCC  but  has  a  beneficial  effect 
on  HSC,  However,  cathodic  polarization  produces  the  opposite  effect,  i.e..  it  causes  a  decrease  hr  SCC  and  an  increase 
hr  HSC  Systet  u  with  a  high  oxidation  potential  exert  the  uiitc  beneficial  effect  on  HSC  as  anodic  polarization, 
HSC  can  be  induced  by .  rpoturc  to  high  pressure  hydrogen. 

6.1.5  EFFECT  OF  TEMPERATURE 

Maximum  susceptibility  to  HSC  occurs  at  about  room  temperature  At  temperatures  appreciably  below 
or  above  room  remp.utuie,  susceptibility  to  M$C  is  markedly  reduced  and  finally  disappears  completely.  SCC  can 
be  produced  at  room  as  well  as  elevated  temper  amres. 

0.2  EXPERIMENTS  ELUCIDATING  DIFFERENCES  BETWEEN  HSC  AND  SCC 

A  number  of  investigators  have  studied  the  effect  of  changes  in  pH.  potential,  and  environment  on  the 
.nechanism  of  fracture  in  stech.  Van  dev  y'uyrPi  subjected  double  cantilever  beam  spectrum  to  anodic  and  cathodic 
polarization  in  solutr  ns  adjusted  to  three  pH  levels  2.4, 9.3,  and  1 1.7.  Appropriate  ratios  of  hydrochloric  acid  or 


sodium  hydroxide  were  used  to  prepare  the  solutions  which  were  maintained  at  80  ±  0.5  F.  Specimens  were  made  of 
AISI  4340  steel  heat  treated  to  a  yield  strength  of  217  ksi,  with  a  fracture  toughness  of  Kjc  =  51  S  ksi  /iiT 
The  specimens  were  fatigue  precracked  and  side  notches  were  used  to  maintain  plane  strain  conditions  along  the 
crack  front.  Two  levels  of  strain  energy  release  rate,  G,  were  used,  10  and  30,  where  G  =  10  represents  a  very  low 
value. 

The  results  of  the  polarization  experiments  are  plotted  ta  Figs.  6.1a  to  6.1c.  The  increase  in  rase  of  crack 
growth  as  the  potential  becomes  more  negative  indicates  that  a  hydrogen  embrittlement  mechanism  prevails.  This  is 
also  supported  by  the  decreasing  crack  rate,  as  polarization  becomes  more  anodic.  Very  little  or  no  effect  is  observed 
in  the  range  between  -lv  and  +lv  and  is  due  to  the  fact  that  at  these  low  voltages  the  discharge  potentials  forH+ 
or  OH'  have  not  been  attained.  As  shown  in  Fig.  6.1c  in  solutions  with  a  pH  *  1 1.7,  the  trend  of  the  anodic  branch 
of  the  polarization  curve  far  G  *  30  is  slightly  different  from  Figs.  6.1a  and  6.1b  because  of  the  increase  in  the 
crack  growth  rate. 


Fig  &  1  -  Crack  growth  rata  dependency  on  applied  voltage  and  loading  (two  strain  energy  release  rates). 

Precracked  tapared  double  cantilever  notched  beam  specimen,  AISI  4340 steel,  UTS  260  ksi. 

K/c  *  51.5  ksi  \Zm.),  test  temperature 80  F,  pH  -  24, 9.3 and  11.7. 

In  addition  to  the  above  solutions  Van  der  Sluys  also  made  crack  propagation  s(u  ,*es  in  distilled  water  and 
summarizes  his  findings  as  follows: 

•  In  a  distilled  water  environment,  the  primary  mechanism  of  subaitical  flaw  growth  appears  to  be 
hydrogen  embrittlement. 

•  Under  conditions  of  cathodic  charging  in  aqueous  environments,  (pH  2.4  to  11.7),  the  primary 
mechanism  of  subcrilical  flaw  growth  appears  to  be  hydrogen  embrittlement. 

•  Under  conditions  of  anodic  polarization,  both  the  mechanisms  of  Hydrogen  embrittlement  and  stress 
corrosion  appear  to  operate.  However,  the  hydrogen  embrittlement  mechanism  dominates  at  relatively 
tow  pir s  and  low  anodic  voltages,  while  the  stress  corrosion  mechanism  becomes  more  marked  as 
eithet  the  pH  or  the  anodic  voltage  is  increased. 

•  To  tvoid  subcritical  flaw  growth,  the  use  of  an  impervious  coating  is  recommended  to  prevent  the 
electrolyte  from  coming  in  contact  with  the  steel  in  the  flawed  region. 

More  definite  statements  concerning  the  control  of  the  cracking  mechanism  can  be  made  when  the  polariza¬ 
tion  experiments  are  performed  under  galvanostatie  conditions  and  in  place  of. the  applied  voltage,  the  polarizing 
current  is  taken  into  consideration.  This  was  >*te  approach  of  ®wrt  and  Phelps  l*- 5 1  who  succeeded  in  delineating 
the  current  and  pH  ranges  over  which  eech  of  the  two  cracking  mechanisms  is  operative. 

Fig.  6.2  shews  the  effect  of  polarization  with  pH  (pH  1 , 6.5, 1 2.5)  on  the  time  to  failure  in  aerated  3  percent 
sodium  chloride  solutions.  Dent  beam  specimens,  used  In  these  tests  were  0.67  in.  wide  and  0.020  in.  thick  cut  n>  a 
length  calculated  from  a  relationship  between:  I)  the  strain  in  tire  outer  fiber  at  the-  center  of  the  specimen;  2)  the 
specimen  thickness;  3)  tire  modulus  of  elasticity  of  the  steel;  and  4)  the  holder  span.  In  all  experiments,  the  stress 
level  used  was  75  percent  of  the  yield  strength.  The  3  percent  sodium  chloride  solutions  were  adjusted  10  the  desired 
pH  by  the  addition  of  dilute  hydrochloric  add  or  sodium  hydroxide  prior  to  the  initiation  of  the  polarization 
experiments.  It  was  preferred  to  make  the  limited  pH  changes  rather  than  to  work  with  buffered  solutions,  which 
may  give  rise  to  undefined  effects  on  the  failure  times. 

The  current  circuit  consisted  of  an  auxiliary  platinum  electrode,  an  unpolarizable  reference  riectrode,  the 
specimen,  electrical  equipment  for  impressing  anodic  or  cathodic  currents  on  the  stressed  specimen  and  for  measuring 
polarizing  current  and  solution  potential.  As  depicted  in  Fig.  6.4  at  pH  *  6.5,  increased  anodic  polarization  de¬ 
creases  the  cracking  time  drastically,  whereas  small  cathodic  currents  lengthen  it.  Thus,  cracking  in  this  region  is 
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Fig.  6.2  -  Effect  of  anocl...  ana  cathodic  polarization  with  pH  on  time  to  failure  in  aerated  3%  NaCI 
solution  at  room  temperature.  Unnotched  bent  beam  specimens  stressed  to  75%  yield  strength  of 
a  specially  alloyed  martensitic  stainless  steel  (USS  12Mo-V,  UTS  260  ksil. 

caused  by  an  active  path  (stress  corrosion).  The  potentials  measured  during  these  experiments  are  more  positive  than 
the  estimated  reversible  hydrogen  potential,  hence  the  reduction  of  water  to  form  hydrogen  would  not  be  expected 
to  occur.  At  higher  cathodic  current  densities,  the  cracking  time  became  shorter  and  the  potential  is  more  negative 
than  the  reversible  hydrogen  potential.  In  this  region,  the  cracking  is  caused  by  hydrogen  embrittlement.  Moreover, 
in  other  experiments,  permeation  of  hydrogen  through  steel  membranes  is  detected  when  the  potential  is  more  nega¬ 
tive  than  the  reversible  hydrogen  potential  in  a  solution  with  a  pH  =  6.5,  and  is  considered  convincing  evidence  of 
hydrogen  entry  into  the  steel. 

From  these  results,  it  appears  that  this  mechanism  can  be  expected  to  prevail  as  soon  as  the  electrochemical 
surface  reactions  permit  introduction  of  hydrogen  into  steels,  which  are  very  susceptible  to  hydrogen  embrittlement. 

The  interoretation  of  the  results  at  pH  =  1  is  similar,  with  the  notable  exception  that  the  potential  without 
applied  current  is  appreciably  more  negat’ve  than  the  reversible  hydrogen  potential.  Because,  increasing  anodic  and 
cathodic  polarization  both  reduced  cracking  time,  it  is  not  possible  to  determine  from  the  polarization  measuiements 
which  cracking  process  was  rate  determining  with  no  applied  current.  However,  the  fact  that  appreciable  quantities 
of  hydrogen  evolved  from  the  steel  and  permeation  of  hydrogen  through  the  steel  membrane  was  measured,  makes  it 
appear  likely  that  the  mechanism  of  cracking  without  polarization  at  this  very  low  pH  is  hydrogen  embrittlement. 

The  results  obtained  at  pH  ~  12.5  are  interesting  because  they  include  the  only  experiments  in  which  the 
steel  is  found  to  be  resistant  to  failure  (with  no  applied  current  and  with  very  weak  cathodic  current).  The  potential 
and  pH  conditions  for  these  experiments  are  within  the  “passivation”  zone  of  the  pH  -  potential  equilibrium  dia¬ 
gram  for  iron.  Apparently,  at  a  pH  1 2.5  and  6.5  the  chloride  content  of  the  solution  is  sufficient  to  cause  localized 
breakdown  of  the  passivating  film  and  continue  "active  path”  corrosion  when  the  steel  is  polarized  anodicaliy. 
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Hughes  (6] ,  Steigerwald  and  Benjamin  have  also  proven  that  the  differences  in  response  to  hydrogen 
stress  cracking  and  stress  corrosion  cracking  of  two  different  steels  in  distilled  water  and  a  sodium  chloride  solution 
are  reflected  in  their  polarization  behavior,  as  depicted  in  Figs.  6.3  and  6.4. 


Fig.  6.3  —  Effect  of  impressed  potential  on  delayed 
failure  ofAISI  4340 Steel  (235  ksi)  center-notched 
specimens  (applied  stress  50  ksi). 


Fin.  6.4  -  Effect  of  potential  on  delayed  failure 
of  HP  9-4-45  steel  (242  ksi)  center-notch 
specimens  (applied  stress  120  ksi). 


These  figures  show  that  the  effect  of  polarization  is  markedly  different  in  AISI 4340  and  HP-9445  steels. 
Application  of  a  cathodic  potential  to  the  4340  steel  produced  a  decrease  in  the  failure  time  in  both  distilled 
water  and  chloride  environments,  which  is  consistent  with  a  hydrogen  embrittlement  failure  mechanism  as  was  also 
found  by  Van  der  Sluys.  In  the  HP-9445  steel,  which  is  susceptible  to  SCC,  the  application  of  a  slight  cathodic 
potential  produces  an  increase  in  failure  time  (cathodic  protection).  However,  as  the  potential  becomes  more 
cathodic  the  rate  of  delayed  failure  brought  about  by  hydrogen  embrittlement  is  accelerated. 


6.3  FRACTURE  APPEARANCE 

According  to  Phillips,  Kerlin,  Rawe  and  Whiteson^J  great  difficulty  has  been  encountered  in  attempts  to 
distinguish  between  the  appearances  of  fractures  caused  by  stress  corrosion  and  hydrogen  embrittlement  because 
the  two  types  of  failures  appeared  to  exhibit  a  remarkably  similar  fracture  appearance.  They  stress  that  it  would  be  of 
great  importance  in  failure  analysis  if  this  approach  could  be  refined  so  that  it  could  be  used  for  differentiating  these 
two  failure  mechanisms. 

With  this  goal  in  mind,  these  investigators  performed  sustained  load  tests  to  produce  failure  as  a  result  of 
either  stress  corrosion  or  hydrogen  embrittlement,  A  flat  tensile  specimen  was  used  with  a  circular  hole  as  a  stress 
raiser.  Hydrogen  embrittlement  was  induced  by  cadmium  plating  from  the  cyanide  and  fluoboratc  baths,  respectively. 
For  inducement  of  stress  corrosion,  specimens  were  spring  loaded  and  subjected  to  alternate  immersion  in  deionized 
water.  AH  experiments  were  performed  at  50,  75  and  90  percent  of  the  yield  strength  with  AISI  4340,  433M  and 
D6AC  steels,  with  ultimate  strengths  of  277, 224,  an  J  289  ksi,  respectively. 

They  concluded  from  their  work  that  the  leatures  associated  with  stress  corrosion  fracture  are: 

•  Predominantly  surface  nucleation  of  intergranular  fracture. 

•  Intergranular  regions  showing  pronounced  secondary  cracking  or  deep  crevices. 

•  A  relatively  great  amount  of  oxidation  or  corrosion  attack  at  the  nucleus. 

•  Less  marked  hairline  indications  on  the  intergranular  surfaces  than  observed  on  hydrogen  embrittle¬ 
ment  fractures. 

The  features  associated  with  hydrogen  embrittlement  are: 

•  Pred  '  ninantly  sub-surface  nucleation  of  intergranular  fracture. 

•  Evidence  of  dimples  and  marked  hairhne  indications  in  the  intergranular  regions. 

The  scanning  electron  microscope  has  been  used  at  the  Naval  Air  Development  Center  to  provide  useful 
intormation  for  distinguishing  these  two  types  of  failures!^! .  Scanning  electron  micrographs  showing  fracture 
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surfaces  considered  to  be  typical  of  these  failures  are  shown  in  Fig.  6.5.  The  work  to  date  using  fracture  appearances 
should  be  considered  preliminary  with  the  final  picture  still  to  be  completed. 

Matsushima,  Deegan  and  UhligHOJ  emphasized  that,  depending  on  environment,  stainless  steel  may  fail 
either  by  HSC  or  SCC,  but  that  there  are  no  compelling  reasons  to  believe  that  hydrogen  in  any  form  enters  the 
mechanism  of  SCC  in  austenitic  alloys. 

The  examples  given  above  seem  to  indicate  that  certain  media  favor  only  one  type  of  cracking  or  the  other. 
Taking  this  into  consideration  along  with  the  differences  in  behavior  of  the  two  types  of  cracking  under  impressed 
(polarizing)  currents,  various  authors  have  concluded  that  SCC  and  HSC  are  controlled  by  different  fracture 
mechanisms. 

It  is  significant  to  consider,  that  the  pH  at  the  tip  of  an  advancing  crack  is  quite  lower  than  that  measured 
near  the  opening  of  the  crack  l^J.  Brown  H  2]  has  suggested  that  at  the  crack  tip,  hydrogen  embrittlement  may 
contribute  to  SCC  or  even  replace  it  as  the  failure  mechanism  as  a  result  of  initiation  of  the  hydrogen  evolution 
reaction. 
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CHAPTER  7 


EMBRITTLEMENT  IN  LIQUID  METALS,  ORGANIC  COMPOUNDS 
AND  AQUEOUS  ENVIRONMENTS 

7.1  LIQUID  METAL  EMBRITTLEMENT 

The  phenomenon  of  embrittlement  by  liquid  metals  and  organic  compounds  has  a  number  of  features  in 
common  with  hydrogen  embrittlement.  Therefore,  it  seems  appropriate  to  discuss  some  of  these  similarities.  The 
similarity  of  the  relationship  between  applied  stress  and  time  to  failure  is  illustrated  in  Fig.  7.1. 

Rostocker  et  al.lU  rightly  emphasized  the  basic  similarity  of  this  type  of  delayed  failure  to  that  encountered 
in  static  loading  of  hydrogen  embrittled  high  strength  steel  or  titanium.  Typical  in  this  regard  are  results  also  obtained 
with  steel  wetted  with  molten  indium,  zinc,  tellurium  and  particularly,  cadmium. 

It  is  interesting  to  note  that  the  decrease  of  the  surface  energy  term  for  iron,  wetted  by  lithium  is  of  the 
same  magnitude  as  Petch^l  found  in  his  studies  with  hydrogen.  As  in  the  case  of  hydrogen  adsorption,  the  magni¬ 
tude  of  surface  energy  reduction  by  the  wetting  is  sufficient  to  produce  significant  reduction  in  ductility.  Both 
hydrogen  and  molten  lithium  produce  embrittlement  of  approximately  the  same  magnitude  .  Moreover,  liquid 
metal  embrittlement  is  similar  to  hydrogen  embrittlement  in  that  it  is  not  restricted  to  one  crystallographic  struc¬ 
ture,  and  the  degree  of  embrittlement  increases  with  increasing  strength  of  the  metal  substrate. 

Also,  as  can  be  seen  from  Fig.  7.2,  the  small  but  significant  reduction  in  fatigue  strength  for  mercury  coated 
specimens  M ,  strongly  resembles  the  decreased  fatigue  strength  and  limit  of  notched  specimens,  hydrogen  embrittled 
by  cyanide  cadmium  plating  [^1  (see  Chapter  4). 

RostockerD  1  emphasized  that  the  ability  of  liquid  metal  wetting  to  cause  failure  under  static  loading  condi¬ 
tions  must  be  regarded  to  be  of  fundamental  importance.  Liquid  metal  embrittlement  resembles  hydrogen  embrittle¬ 
ment  and  stress  corrosion  cracking  and  there  is  strong  reason  to  assume  that  all  three  of  these  phenomena  are  similar 
in  nature. 


Fig.  7. 1  -  Delayed  failure  behavior  of  statically 
loaded  AISI 4 130  steel  (Rc-44)  wetted  with 
molten  lithium  at  200  C. 


Fig.  7.2  -  Frccture  behavior  of  mercury 
coated  AISI  4340 steel  (190  ksi)  fatigued 
in  axial  loading  (stress  ratio  0. 75). 


PRECEDING  PAGE  BLANK 
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7.2  EMBRITTLEMENT  BY  LIQUID  ORGANIC  COMPOUNDS 


It  has  been  established  that  certain  organic  liquid  compounds  induce  time  dependent  fracture  in  high 
strength  steels.  Some  results  obtained  by  Steigerwald  l^J  are  pictured  in  the  bar  diagram.  Fig.  7.3.  The  fracture 
times  were  considerably  longer  in  the  organic  compounds  and  in  dry  air  than  those  in  distilled  water  or  in  the  re¬ 
cording  ink  (an  aqueous  solution).  Although  no  direct  correlation  is  apparent  between  the  nature  of  the  environment 
and  the  failure  time,  specimens  immersed  in  closed  ring  structure  compounds  of  low  dielectric  constants  are  capable 
of  sustaining  the  applied  load  for  the  longest  time  period.  Taking  into  consideration  the  remarkable  effectiveness  of 
distilled  water  in  inducing  delayed  failure,  it  cannot  be  decided  whether  the  organic  liquid  itself  is  involved  in  the 
control  of  crack  formation  or  the  presence  of  water  in  the  compounds  which  are  hygroscopic. 


Environment 


A 

-  Recording  ink 

F 

Acetone 

B 

-  Distilled  water 

G 

Lubricating  oil 

C 

-  Amy!  alcohol 

H 

Carbon  Tetrachloride 

D 

-  Butyl  alcohol 

I 

Benzene 

E 

-  Butyl  acetate 

J 

Dry  air 

Fig.  7.3  -  Effect  of  various  environments  (liquids  and  dry  air)  on  delayed  failure  of  300-M  (295  ksi ) 
steel  specimens,  notched,  precracked  and  loaded  to  75%  of  NTS. 

7.3  HYDROGEN  EMBRITTLEMENT  IN  AQUEOUS  ENVIRONMENTS 

This  problem  has  been  studied  thoroughly  by  Hanna,  Troiano,  and  Steigerwald  l?! .  Steigerwald  ,  used 
a  sharp  center-notched  precracked  tension  specimen  fabricated  of  AISI 4340  and  300-M  low  alloy  martensitic  steels, 
heat  treated  to  a  high  strength  level.  After  heat  treatment,  a  minimum  of  0.006  in.  was  ground  off  each  side  of  the 
specimen  to  remove  any  decarburized  layer,  and  after  tempering,  oxides  were  removed  by  a  light  sand  blast.  The 
notch  was  kept  continuously  wetted  by  the  liquid  from  an  adjacent  reservoir. 

The  effects  of  distilled  water  and  some  other  aqueous  solutions  on  the  delayed  failure  characteristics  of  the 
steels  are  depicted  in  a  more  detailed  manner  in  Fig.  7,4. 

The  curves  show  the  relationship  of  the  applied  stress  versus  the  time  to  failure.  The  stress  at  the  crack  tip 
greatly  exceeds  the  applied  stress  since  the  fatigue  precrack  acts  as  a  very  severe  stress  riser.  The  notched  tensile 
strength  plotted  at  zero  time  corresponds  to  the  notched  strength  obtained  in  a  conventional  tension  test  conducted 
at  a  crosshead  speed  of  0.0S  in/min.  The  results  in  Fig.  7.4  indicate  that  both  recording  ink  and  distilled  water  pro¬ 
duced  a  considerable  variation  in  delayed  failure.  The  most  noteworthy  aspect,  however,  is  the  relatively  rapid  rate  at 
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which  the  crack  propagated  in  the  presence  of  the  liquid  environment.  At  a  nominal  stress  of  SS  ksi  (300-M  steel) 
failure  occurred  in  less  than  1  minute  when  recording  ink  surrounded  the  crack. 

The  results  obtained  with  the  recording  ink  deserve  attention,  because  as  mentioned  in  an  earlier  chapter, 
ink  staining  techniques  are  employed  to  determine  critical  crack  lengths.  Although  this  technique  does  not  alter  values 
of  the  fracture  toughness,  it  should  be  used  with  caution  when  applied  to  determine  energy  release  rates  for  the  con¬ 
ditions  governing  crack  growth.  It  should  always  be  kept  in  mind  that  such  staining  solutions  do  influence  the  stress 
necessary  to  the  growth  of  a  crack,  because  they  themselves  induce  delayed  failure. 

Fig.  7.5  shows  delayed  failure  curves  for  AI3I  4340  and  300-M  steels.  The  300-M  steel  was  used  at  two 
strength  levels,  226  ksi  (1025  F  temper)  and  187  ksi  (1 150  F  temper).  The  range  of  stress  over  which  delayed  failure 
occurred  was  considerably  greater  for  the  material  tempered  at  1025  F  than  that  tempered  at  1150  F.  The  shape  of 
the  delayed  failure  curve  for  AISI 4340  steel  differs  markedly  from  that  for  the  300-M  steel. 
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Fig.  7.4  -  Delayed  failure  times  for  300-M  (295  ksi)  and  Fig.  7.5-  Delayed  failure  curves  for  AISI  4340  and 
AISI  4340  (205  ksi)  steels.  Center  notched  precracked  300-M  steels  In  distilled  water.  Tests  conducted  with 

thin  specimens  stressed  in  liquid  environments.  thin  center  notched  precracked  specimens. 

The  dolayed  failure  behavior  of  H-l  1  steel  exposed  to  distilled  water  is  presented  in  Fig.  7.6.  The  general 
nature  of  the  fracture  behavior  of  this  steel  is  similar  to  that  of  the  300-M  steol. 
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Fig.  7.5-  Delayed  failure  of  H-11  tool  steel  (295  ksi)  in  distilled  water.  Thin 
canter  notched  precracked  specimens. 
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Fig.  7.7,  depicts  delayed  failure  behavior  in  distilled  water  for  AISI 4340  and  300M  steels  at  different  tem¬ 
peratures.  The  decreased  time  to  failure  with  increasing  temperature  is  clearly  seen. 

Test  data  presented  in  Fig.  7.8  show  the  effects  of  a  dry  and  a  humid  gas  atmosphere  and  that  of  distilled 
water  and  ambient  air.  It  is  evident  that  gaseous  envirownents  containing  water  vapor  also  exert  a  strong  embrittling 
effect  on  high  strength  steels. 

Although  the  dew  points  of  air  and  wet  argon  are  different  (35  F  and  45  F,  respectively),  the  delayed 
failure  behavior  of  both  steels  in  these  atmospheres  is  almost  the  same  as  in  distilled  water.  However,  the  delayed 
failure  curve  in  dry  argon  (dew  point  - 1 1  F)  is  quite  different  from  those  obtained  in  the  other  media.  In  contrast  to 
the  lower  critical  stress  obtained  for  experiments  in  dry  argon,  those  for  the  other  media  are  identical  and  considerably 
lower.  No  corrosion  products  were  visible  on  the  exposed  surfaces. 

The  results  clearly  demonstrate  the  marked  effect  of  moisture  on  the  delayed  failure  behavior  of  high 
strength  steels.  Moreover,  Hanna  et.  al.^1  succeeded  in  greatly  decreasing  the  fracture  time  by  the  application  of  a 
cathodic  potential,  and  the  addition  of  the  embrittlement  accelerator,  arsenic  trioxide,  to  the  distilled  water.  The 
phenomena  discussed  above  indicate  that  the  rate  controlling  process  of  embrittlement  in  distilled  water  is  absorption 
of  cathodically  generated  hydrogen. 

Fig.  7.9  is  instructive  because  it  shows  the  effect  of  strength  level  on  crack  growth  rate  measured  by  re¬ 
sistance  change.  The  steel  at  the  lower  strength  level  exhibits  a  much  slower  crack  growth  rate  and  distinct  discon¬ 
tinuous  growth  with  temporary  stops  several  minutes  long. 

Yamaoka  and  Wranglenl  conducted  a  detailed  electrochemical  study  of  processes  associated  with  the 
cracking  of  stressed  high  strength,  low  alloy  martensitic  steel  wires  in  conductivity  water  at  room  temperature.  The 
wires,  having  a  composition  very  similar  to  AISI  4340  steel,  were  subjected  to  sustained  tensile  loading.  Data  indicated 
that  time  to  fracture  is  reduced  by  more  than  one  power  of  ten  by  immersion  in  water  as  compared  with  tests  in  dry 
air.  They  observed  that  addition  of  an  embrittlement  accelerator,  in  this  case  sodium  sulfide,  reduced  the  fracture 
time  by  another  factor  of  ten  which  agrees  with  Steigerwald’s  findings  described  above.  Application  of  a  cathodic 
current  of  about  1  mA/ctn2  reduced  the  fracture  life  by  about  two  powers  of  ten.  Therefore,  it  was  concluded  that 
hydrogen  embrittlement  is  operative  in  the  delayed  fracture  of  steels  subjected  to  static  loading  in  high  purity  water. 
Conditions  faborable  for  the  generation  of  hydrogen  were  also  clearly  indicated  by  a  slow  change  of  the  potential  of 
the  stressed  wire  to  a  potential  more  cathodic  than  the  reversible  hydrogen  potential  calculated  for  the  pH  of  the  water 
used  in  embrittlement  studies. 


Fig.  7.7  -  Decrease  in  failure  time  with  increasing 
temperature  in  distilled  water  for  AISI  4340  and 
300M  steels.  Center  notched  precracked  thick 
sheet  specimens  used  for  tests. 


Fig.  7.8  -  A  comparison  of  delayed  failure  data 
for  high  strength  steels  subjected  to  dry  and 
wet  argon  and  distilled  water  environments 
at  ambient  temperature.  Thick  center 
notched  precracked  specimens. 
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Fig.  7.9  ~  Effect  of  strength  level  on  crack  propagation  rate  in  AISI 4340 steel  (200  ksi)  in 
distilled  water  at  ambient  temperature.  Applied  stress  160  ksi,  center  notched  cylindrical 
specimens.  Electrical  resistivity  method  used  for  measurements. 

Brittle  failures  observed  during  hydrostatic  tests  with  tap  water  of  high  strengtn  solid  fuel  rocket  chambets 
are  of  great  practical  interest.  The  tests  were  made  in  full  size  cylindrical  missile  casing  vessels,  6  ft.  long  with  a  dia¬ 
meter  of  3  ft.  4  in.,  and  fabricated  of  H-l  1  vacuum  melted  steel  with  a  hardness  of  Rc  50-51.  Tests  were  also  per¬ 
formed  on  sub-size  test  vessels  (6  sq.  ft.  interior  area).  The  hydrogen  content  of  the  vessel  steel  before  fabrication  of 
the  cases  was  1 .2  -  ±  0.1  ppm.  Full  scale  size  vessels  failed  on  hydrostatic  testing  at  a  stress  lower  than  they  should 
withstand.  AU  of  the  sub-size  vessels,  which  displayed  no  weld  or  other  defects,  also  failed.  Cracks  had  clearly  originated 
in  the  parent  metal  from  spots  in  the  vessels  on  their  inside  surfaces  and  there  was  clear  evidence  of  pitting  corrosion. 
The  failures  occurring  in  the  sub-size  vessels,  had  features  typical  of  a  hyckogen  initiated  fracture.  Shank  ct.  al.U  *1 
made  interesting  speculations  on  the  embrittlement  controlling  mechanism.  They  surmised  that  galvanic  action,  a 
prerequisite  for  local  hydrogen  generation,  is  a  factor  in  the  failures  originating  in  the  parent  metal  in  both  types  of 
vessels.  They  considered  that  the  anodic  areas  are  represented  by  the  pits  formed  at  different  locations.  Because  of 
the  smal!  total  area  of  the  pits,  the  ratio  of  cathode  to  anode  area  is  high,  and  thus,  the  current  density  at  the  anodes 
would  be  high  also.  The  cathodic  current  density  would  be  greatest  in  the  region  immediately  surrounding  the  anodes. 
Hydrogen  would  be  generated  at  these  locations  and  permeate  into  the  steel.  Tito  pitted  areas  provide  points  of  con¬ 
siderable  stress  concentration.  The  maximum  regions  of  triaxiality  of  stress  would  be  just  adjacent  to  the  location  of 
the  pits  and  the  embrittling  hydrogen  charged  into  the  steel  by  galvanic  action  would  diffuse  to  these  regions,  in 
accordance  with  the  mechanism  suggested  by  Troiano.  Ordinarily,  such  plvanic  processes  do  not  produce  very  much 
hydrogen.  The  overall  hydrogen  level  could  be  very  small,  but  the  local  hydrogen  concentration  around  the  pits 
should  be  very  high.  Cracks  should  grow  in  size  from  the  point  of  maximum  triaxiality  bordering  the  pits  and  after 
attainment  of  the  necessary  crack  length,  catastrophic  failure  would  occur. 

The  above  oxampies  show  clearly  that  essentially  the  same  hydrogen  generating  corrosion  mechanism  is 
responsible  for  triggering  delayed  cracking  in  tap  water  as  in  distilled  water.  High  purity  distilled  water  is  a  poor 
electrolytic  conductor  and  therefore,  a  local  cell  mcehanism,  as  a  source  for  hydrogen  generation,  would  hardly  be 
expected.  Stelgerwaldl8!  did  not  specify  the  pH  and  conductivity  of  the  distilled  water  used  in  his  experiments. 
Thus,  making  the  vary  probable  assumption  that  the  water  was  in  equilibrium  with  the  ambient  atmosphere,  the  pH 
must  have  been  about  5.8  due  to  dissolved  CO2,  which  makes  the  water  conductive.  This  assumption  is  strongly 
supported  by  Steigerwald’s  observations  for  solutions  whero  the  pH  was  varied  from  4.8  to  9.0  by  buffer  additions. 
He  found  practically  the  samo  time  dependent  fracture  behavior  in  these  solutions  with  good  conductivity  as  in  the 
distilled  water  he  used. 
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Cracks  were  found  in  ultra  high  strength  AISI  4340  steel,  exposed  in  boiling  3.5  percent  NaCl  solu¬ 
tion!^]  .  Logan  et  al.,  used  a  hollow  tension  specimen  developed  by  NBS.  Under  an  applied  stress  of  200  ksi,  the 
specimens  failed  in  80  to  600  minutes  in  a  brittle  fashion.  Light  and  electron  micrographs  through  the  fracture  and 
of  the  fractured  surface,  respectively  showed  that  the  fracture  had  originated  within  the  wall  of  the  tube  and  not  at 
its  surface.  Analysis  of  the  gases  in  the  interior  of  the  tube  showed  hydrogen  to  be  present  in  all  cases.  These  investi¬ 
gators  inferred  that  failure  of  the  high  strength  steel  was  caused  by  hydrogen  embrittlement.  Because  of  the  fact  that 
under  room  temperature  conditions  evidence  of  hydrogen  diffusion  associated  with  brittle  failure  was  also  obtained, 
it  appear  justified  to  conclude  that  the  hydrogen  generation  was  again  the  result  of  the  corrosive  action  of  the 
aggressive  sodium  chloride  solution  on  the  steel. 

7.4  HYDROGEN  EMBRITTLEMENT  IN  HEAVY  WATER 

Wood  H  made  a  comparative  study  of  hydrogen  and  deuterium  embrittlement.  Small  ring  specimens 
were  subjected  to  slow  bending  in  a  so  called  “crushing  test”.  Embrittlement  was  generally  expressed  by  the  defor¬ 
mation  at  fracture,  or  percent  decrease  in  deformation  (corresponding  to  percent  decrease  in  fracture  height).  This 
test  in  essence  is  a  constant  rate  bend  test.  Thus,  it  was  not  discussed  separately  in  the  chapter  dealing  with  testing. 
The  ring  specimen  is  subjected  to  compression  and  finally  “crushing”  between  flat  anvils. 

In  Wood’s  investigation,  embrittlement  was  produced  by  cathodic  charging  or  electroplating.  Although 
plating  embrittlement  will  be  discussed  in  detail  in  a  special  section,  it  is  taken  into  consideration  here  for  the  pur¬ 
pose  of  comparison  of  the  action  of  hydrogen  with  deuterium. 

The  plating  bath  was  made  from  hydrogen  free  compounds  with  D2O  as  the  solvent.  To  avoid  pick  up 
of  water,  it  was  imperative  to  carry  out  the  handling,  pouring  and  electrolysis  of  all  D2O  solutions  in  an  inert  atmos¬ 
phere  chamber  containing  dry  helium.  The  effect  of  plating  time  on  the  magnitude  of  the  embrittlement  produced 
by  cadmium  plating  from  a  cyanide  bath  is  pictured  in  Fig.  7.10.  The  resulting  embrittlement  in  steel  is  less  for  cad¬ 
mium  plating  from  a  “D2O  bath"  than  from  a  “H2O  bath". 

Figure  7.1 1  also  shows  that  the  embrittlement  caused  by  deuterium  is  less  than  that  caused  by  hydrogen 
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Fig  7.11  -  Effect  of  pitting  time  on  percent  decrease  in 
fracture  toad  or  percent  decrease  in  fracture  height  (da- 
formation )  for  specimens  plated  with  Cu  and  Cd  from 
cyanide  baths  and  Cr  from  a  conventional  chromic 
acid  bath  for  HgO  and  DgO  plating  bath  solvents. 
NOTE:  Copper  curves  -  I,  IV-  34.4  Atf# 
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Fig  7. 10  -  Comparison  of  the  effect  of  plating 
timss  for  DgO  and  NgO  cadmium  plating  baths 
on  deformation  of  AISI  4340 steel  rings , 
260-280  ksi. 
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Wood  found  that  the  electroplating  processes  introduced  more  deuterium  into  the  steel  than  hydrogen 
(analysis  by  high  temperature  vacuum  extraction),  and  speculated  that  the  differences  between  the  action  of  hydro¬ 
gen  and  deuterium  during  the  process  of  embrittlement  are  due  to  differences  in  their  physical  properties.  (Electro- 
lytically  introduced  deuterium  diffuses  through  steel  more  slowly  than  “light”  hydrogen). 

Differences  in  embrittlement  resulting  from  charging  with  hydrogen  and  deuterium  are  clearly  pictured 
in  Fig.  7.12.  Data  obtained  by  Mahorter  and  Jankowsky  [14]  show  that  there  is  a  decrease  in  ductility  until  very  low 
strain  rates  are  reached.  Then  the  ductility  for  the  hydrogen  charged  specimens  increases  while  the  ductility  for  the 
deuterium  charged  specimens  continues  to  decrease  (in  the  limits  of  the  experimental  testing).  The  reason  for  the 
apparent  anomally,  i.e.,  the  increase  in  ductility,  is  that  it  is  no  longer  controlled  by  the  strain  rate  but  by  the  higher 
out-diffusion  rate  of  hydrogen. 

As  mentioned  previously  lower  temperatures  lessen  the  embrittlement  effect  of  hydrogen,  which  is  the 
result  of  the  decrease  in  the  diffusion  rate  of  hydrogen.  Fig.  7.13  is  similar  with  aspect  to  the  suppressed  inflection 
point  (Fig.  7.12)  and  indirectly  supports  the  assumption  that  deuterium  has  a  slower  diffusion  rate  in  steel  than  hy¬ 
drogen.  The  reason  for  this  is  the  presence  of  the  neutron  in  the  deuterium  nucleusl  1*1. 
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Fig.  7.12  -  A  comparison  of  the  effect  of  hydrogen 
and  deuterium  and  strain  rate  on  tensile  ductility 
at  room  temperature.  Precharged  at  20  A/ifi 


Fig.  7.  13  -  £  fleet  of  testing  temperature  and 
strain  rate  on  (ha  msiie  ductility  of  AlSf  43$0 
s (get  specimen  (260-280  Mu [)  after  charging 
(20  A/ft^f  in  an  aquems  MaCN  solution 


As  discussed  in  the  chapter  dealing  with  hydrogen  o, terminations.  the  correlation  of  “total”  hydrogen  with 
loss  In  ductility  Is  problematic  and  therefore,  the  disagreement  or'iween  hydrogen  content  and  loss  in  due; titty  found 
by  Wood,  cannot  be  construed  as  being  Inconsistent  with  the  results  of  the  mechanical  measurements. 

7.5  EMBRITTLING  EFFECT  OF  HYDROGEN  ON  NEUTRON  IRRADIATED  REACTOR 
STEELS 


7.5.1  HYDROGEN  GENERATION  IN  A  PRESSURIZED  WATER  REA/  TOR  SYSTEM 

Three  reactions  which  represent  potential  hydrogen  sources  in  a  pressurised  water  reactor  system  are: 

•  Dissociation  of  hydrogen  front  W3tcr  at  the  steel  vessel  timer  surface. 

•  Radiolytic  decomposition  of  water 

•  Corrosion  reactions 

Reaction  I  •  According  to  Harries  and  8roomfleldllh|  a  small  fraction  of  hydrogen  exists  it)  an  atomic  form 
in  a  pressurized  water  reactor.  These  hydrogen  atoms  produced  by  a  catalytic  decomposition  of  water  on  the  steel 
surface,  may  be  adsorbed  on  and  diffuse  through  the  steel  wall  at  (he  temperature  and  pressure  conditions  of  opera¬ 
tion  of  the  reactor  system. 
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Reaction  2  ~  Numerous  studies  have  been  made  in  order  to  elucidate  the  “primary  hydrogen  atom  yield” 
in  the  radio!;  sis  of  aqueous  solutions.  The  following  reaction  of  the  solvated  proton  in  the  regions  of  high  ionization 
density  (rapid  recombination  of  solvated  protons  and  electrons,  respectively)  is  considered  possible  and  could  be 
largely  responsible  for  the  primary  hydrogen  atom  yield. 

-  -  -  eg  *  H30+  H  +  H20  (7.1) 

However,  Harries  and  Broomfield  emphasized  that  in  a  pressurized  reactor  system,  operating  at  250  to 
315  C  with  purified  water,  all  the  available  evidence  suggests  the  probability  of  the  occurence  of  radiolytic  reactions 
to  be  very  remote. 

Reaction  3  -  As  will  be  discussed  in  greater  detail  in  a  later  chapter,  mild  and  low  alloy  steels  may  react  with 
high  temperature  high  pressure  water  to  produce  magnetite  and  hydrogen  according  to  the  reaction: 

-  3Fe  ♦  4H20  Fe304  +  8H  (7.2) 

The  generated  hydrogen  atoms,  may,  (a)  alt  recombine  to  form  molecules  in  the  water  and  then  distribute 
themselves  between  the  water  and  the  available  vapor  space,  (b)  ail  diffuse  through  the  steel  in  the  nascent  form  and 
then  some  recombine  to  form  molecular  hydrogen. 

Harries  and  Broomfield  calculated  (Eq.  7.2)  hydrogen  equilibrium  concentrations  ranging  from  0.1  up  to 
1.3  ppm  for  different  water  temperatures  and  vessel  wall  thicknesses.  In  consideration  of  the  work  by  Tackett, 
Brown  and  Esperl1®),  the  calculations  were  based  on  a  corrosion  rate  of  75  mdm*  corresponding  to  a  hydrogen 
evolution  rate  of  75  x  10-5  cm^/hour  (STP).  Therefore,  it  may  be  assummed  that  the  corrosion  reaction  furnishes 
most  of  the  hydrogen  involved  in  the  embrittling  process. 

Fmally,  it  is  worthwhile  mentioning  that  an  analysis  of  water  at  the  Westinghouse  Yankee  plant  indicates  a 
similar  hydrogen  concentration  range  during  the  operation  of  this  type  of  reactor,  and  a  higher  range  after  prolonged 
shut  down (1^1 .  The  analysis  presented  above,  reveals  the  probability  of  formation  of  atomic  hydrogen  under  condi¬ 
tions  prevailing  in  a  pressurized  water  reactor  system. 

The  embrittlement  behavior  of  an  irradiated  reactor  steel,  when  charged  with  hydrogen,  was  studied 
thoroughly  by  Rossin,  Blewitt  and  Trolanol^l.  The  pearlitic,  tough  and  duetile  212-B  steel  was  selected  for  this 
study  because  it  is  used  extensively  for  boiling  water  or  pressurized  water  nuclear  reactors.  Neutron  radiation  hardens 
this  steel,  raises  its  yield  and  tensile  strength  and  makes  it  brittle  at  room  temperature.  The  effect  of  increased  yield 
strength  on  delayed  fracture  might  well  be  the  same  if  the  hardening  were  caused  by  irradiation  lather  than  by  appro* 
prlatc  heat  treatments.  The  purpose  of  the  investigation  was  to  determine  whether  or  not  this  sled  would  become 
susceptible  to  hydrogen  embrittlement  after  irradiation,  litis  type  of  failure  would  have  serious  reactor  safety 
implications. 

Notched  specimens  were  exposed  to  neutron  radiation  high  enough  to  embrittle  the  pressure  vessel  steel, 
and  the  delayed  failure  characteristics  of  the  irradiated,  hydrogen  charged  steel  were  determined.  The  encapsulated 
specimens  were  irradiated  in  a  Cl‘*5  reactor  to  3  x  10^  RDU  in  which  the  NOT  was  raised  to  IO0C.  The  most  in* 
tense  cathodic  charging  condition  selected  was  1 00  mA/h|2  for  20  hours  in  a  4  percent  sulfuric  acid  solution  poisoned 
with  sodium  arsenate  (disregarding  the  notch,  the  gage  area  of  the  subsize  tension  specimen  was  about  I  square  inch). 

Despite  the  extreme  conditions  of  hydrogen  charging  and  considerable  irradiation  hardening,  rite  reduction 
in  the  lower  critical  stress  was  not  significant.  Since  irradiation  increases  the  yield,  tensile  and  notched  tensile 
strength  (NTS),  the  loss  in  NTS  due  to  hydrogen  docs  not  even  bring  this  parameter  back  to  the  unirradiated  level 
(See  Fig.  7.14),  The  net  effect  is  still  one  of  strengthening.  Thus,  the  necessary  conditions  for  catastrophic  delayed 
failure  do  not  exist  in  2I2B  reactor  pressure  vessel  steel.  About  8  ppm  of  hydrogen  (determined  by  outgassing  at 
ISO  C)  was  found  in  the  charged  specimens.  This  amount  is  far  more  than  necessary  for  embrittling  ultra  high 
strength  steel  (c.g.  AtSl  4340  steel)  and  is  also  much  greater  than  one  would  expect  to  find  in  practice  as  a  result  of 
any  aqueous  corrosion  reaction.  The  condition  of  heavy  charging  was  chosen  to  determine  how  irradiated  steel 
would  perform  with  a  high  hydrogen  content.  Apparently,  the  critical  concentration  for  hydrogen  cracking  of  this 
relatively  low  strength  type  steel  must  be  much  higher  than  for  the  high  strength  steels,  if  it  can  be  embrittled  at  all. 
For  higher  strength  reactor  steels  Uic  embrittlement  bcliavior  may  be  quite  different. 


*tniiligrams/squarc  dccimclcr/month 
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Time  to  failure,  hours 


fig.  7. 14  -  Behavior  of  uncharged  and  strongly  hydrogen  charged,  irradiated  end  unirredioted  212-8 
reactor  steel  in  die  range  of  delayed  failure.  Radiation  conditions.  3  x  10^9  RDU 

The  aforementioned  result  are  in  excellent  agreement  with  those  obtained  by  Humes  I  “  *  I  at  Harwell  on  an 
irradiated  I  percent  chromium.  0.5  percent  molybdenum  pressure  vessel  steel.  Smooth  tension  specimens  were  ex ■ 
posed  for  107  days,  one  group  in  contact  and  another  isolated  from  the  water  at  250  C  in  the  “out  of  pile"  and 
“in-pile"  sections,  respectively  of  a  high  pressure  water  bop.  The  purpose  of  the  investigation  was  to  study  svhetlter 
or  not  exposure  under  pressure  water  reactor  operating  conditions  at  250  0  (a)  produced  gfoss  structural  defects 
such  as  blisters  or  cracks  due  to  increased  hydrogen  absorption  m  the  steel,  or  (b)  affected  kinetics  of  tire  hydrogen- 
carbon  reaction  in  the  steel  in  such  a  way  that  hydrogen  attack  could  occur.  Hydrogen  induced  structural  defects  and 
attack  would  then  be  manifested  as  reduction  at  tensile  ductility.  The  specimens  were  tested  at  a  cross  head  speed 
of  0.02  in/min.  five  hours  alter  dim  down  of  the  reactor.  The  irradiation  was  about  1 ,0x  lt)W  n/cm-  (fusion).  The 
tensile  strengths  were  considerably  increased,  and  it  was.  therefore,  concluded  that  no  attack  or  structural  defects 
were  produced. 

7.6  THE  EFFECT  OF  HYDROSTATIC  PRESSURE 

In  a  recent  study  dealing  with  the  effect  of  hydrostatic  pressure  (up  to  N250  pug)  on  hydrogen  solubility  in 
steel.  Nanis  and  Dcl.uccial“-1 .  used  a  permeation  method  similar  to  that  of  Devanathan,  Stachm&i  and  He«.k.  Hus 
work  was  done  to  assess  the  effect  of  electrolytic  hydrogen  on  corrosion  reactions  at  a  pressure  of  8250  psig.  which 
corresponds  roughly  to  a  depth  of  fH.4()Q  feet. 

Nanis  and  lXd.ucct.il  found  a  ma;k.’d  increase  in  hydrogen  solubility  (permeation  current)  with  »«• 
creasing  pressure.  Kesults  plot  red  in  Irg.  ?.)  5  are  significant.  because  they  demonstrated  prcssure/soluluhty  relation- 
sit  If  >  for  hydrogen  in  A>mu<  iron  serves  as  an  important  index  of  embrittlement  problems,  which  may  be  encountered 
in  the  wean  at  great  depths.  It  the  behavior  of  Armen  non  may  be  taken  as  tmltsaiivc  of  that  of  steel  m  general.  it 
should  be  exacted  that  hyshogen  solubility  will  Ire  ertbaneed  with  mefeaswg  pressure.  corresponding  to  ocean 
depths  beyond  the  Id.Otk)  im»i  mark. 


KS 


The  authors  of  this  remarkable  report  determined  that  there  is  no  effect  of  the  hydrostatic  pressure  on 
hydrogen  diffusivity,  and  that  the  hydrogen  solubility  is  proportional  to  the  pressure  at  least  up  to  6000  psi.  The 
increased  solubility  of  hydrogen  in  steel  at  elevated  pressures  and  comparatively  low  temperatures  (21 C  and  lower) 
necessitates  an  increased  concern  for  the  role  of  hydrogen  in  environmental  cracking  of  high  strength  steels  destined 
to  be  used  in  the  deep  ocean  environment. 


f.  IS  -  Sfftct  of  hydrotUtk  prmtun  on  ptrm—tion  (tolublllty)  of  hydrogin  tn  Armco  Iron. 
OwgtdinO.  ION  H3SO4  *  O.OOI  N  HC!»t  21  C 
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CHAPTER  8 


DELAYED  CRACKING  IN  STEEL  WELDMENTS 


8.1  THE  NATURE  OF  DEFECT  FORMATION  IN  WELDMENTS 


There  is  much  confusion  in  the  terminology  of  crack  formation  in  weldments  and  therefore,  the  following 
definitions  and  explanations  may  be  helpfui.  The  terms  “microcracks,  microfissures  and  hairline  cracks”  may  be  used 
interchangeably  and  are  used  to  characterize  defects  associated  with  high  cooling  rate  of  weld  metal  and  hydrogen 
emMttlement.  In  general,  these  defects  are  located  in  transverse  planes  across  which  large  tensile  stresses  are  known 
to  act  during  cooling  of  the  weld  f  1-3] . 

The  so-called  “cold  cracking”  of  steel  weldments,  the  result  of  the  presence  of  hydrogen  [4]  in  either  the 
weld  or  the  heat  affected  zone,  (HAZ),  may  be  initiated  at  temperatures  below  1 50  C  and  the  cracks  may  propagate 
for  several  hours  after  reaching  ambient  temperature.  The  crack  tends  to  propagate  from  a  finite  point  of  initiation, 
and  its  length  is  governed  by  the  extent  of  the  residual  stress  field.  The  stress  direction  has  a  decided  influence  upon 
the  path  of  cracking  while  the  degree  of  craekjng  is  affected  by  the  magnitude  of  the  stress  prevailing  in  the  presence 
of  hydrogen.  Weldments  with  residual  stresses  below  a  critical  level  show  no  major  cracking,  but  may  contain  a  number 
of  microcleavages  15) . 

According  to  Vaughan  and  dcMortonl^!,  cold  cracking  in  weld  metal  is  similar  to  that  produced  by 
charging  steel  with  hydrogen  and  is  a  cleavage  failure.  The  crack  itself  appears  to  consist  of  elementary  cleavages  which 
can  be  identified  with  fissures  which  arc  formed  continuously  ahead  of  one  another  in  a  propagating  crack. 

In  contrast  to  cold  cracking,  the  phenomenon  called  “hot  cracking"  is  produced  by  causes  other  than  the 
accumulation  of  hydrogen,  e  g.,  internal  stress.  However,  when  the  hydrogen  content  and  restraint  of  the  weld  metal 
are  high  enough,  the  hot  cracks  may  propagate  in  a  manner  similar  to  cold  cracks. 

Cracking  occuring  in  the  HAZ  of  high  tensile  steel  welded  joints  is  frequently  designated  "underbead 
cracking"  or  “hardened  zone  cracking" I?1 .  It  may  occur  shortly  after  the  weld  reaches  room  temperature  or  several 
hours  afterwards.  Weld  metal  cracking  cannot  be  entirely  separated  from  underbead  cracking.  There  arc  cracks  which 
start  near  the  fusion  line  in  the  HAZ.  but  finish  in  the  weld  metal,  whereas  other  specimens  crack  deep  in  the  under- 
bead  area. 

Crack  susceptibility  of  a  weld  increases  with  the  tensile  strength  of  the  steel.  This  tendency  Is  also  observed 
In  the  so-called  "root  cracking”  which  is  frequently  found  in  the  first  layer  of  a  high  strength  steel  weld  of  severe 
restraint  PI .  It  has  been  shown  that  the  high  hydrogen  content  of  the  weld  metal  is  the  most  important  factor  pro¬ 
moting  the  formation  of  fissures  I4 1 .  Cracking  may  he  cither  iransgtanular  or  intercolumnar.  Tltc  transgranular  fissures 
are  the  result  of  cleavage  cracking  induced  by  a  combination  of  high  hydrogen  content  and  internal  stresses.  An  ex¬ 
ample  of  such  a  fissure  is  shown  in  Fig.  HI.  The  fissures  are  very  narrow  and  sometimes  are  seen  to  pass  through 
large  spherical  inclusions.  They  probably  form  below  200  C. 

Intercolumnar  fissures  are  also  caused  by  the  joint  action  of  hydrogen  and  internal  stresses,  but  they  appear 
to  he  associated  with  non-metaltic  particles  lying  between  the  columnar  eyrstals.  An  example  of  such  a  fissure  is  given 
In  Fig.  8.2. 


Fig  8.1  ~  Transgranular  hydrogen  induced  fissure 
in  weld  metal  deposited  from  titania  covered 
electrode  without  preheating  (XSOO). 


Fig.  8.2  -  Intercolumnar  hydrogen  induced  fissure 
in  weid  metal  deposited  trom  titania  covered 
electrode  without  preheating  (XSOO). 
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Considerable  literature  exists  on  the  formation  of  fish  eyes.  Years  ago,  Zapffe  and  Sims(^>  M  reported  the 
appearance  of  shiny  white  haloes  (fish  eyes)  on  weld  metal  fracture  surfaces.  They  demonstrated  that  their  appearance 
was  associated  with  hydrogen  in  the  weld  metal,  just  as  the  appearance  of  flakes  in  wrought  steels  is  due  to  hydrogen 
absorbed  in  steel.  Later  it  was  confirmed  that  fish  eyes  generally  appear  on  fracture  faces  of  weld  metals  deposited 
from  high  hydrogen  electrodes.  Heat  treatments  that  remove  hydrogen  from  the  weld  metal  tend  to  eliminate  fish 
eyes  from  the  fracture  faces.  Recently,  BoniszewskiPO)  used  the  electron  microscope  to  resolve  the  details  of  their 
formation.  The  dark  “pupil”  was  found  to  contain  a  large  plate-like  inclusion  and  the  bright  “iris”  surrounding  it,  to 
consist  of  cleavage  facets  that  have  undergone  some  plastic  deformation.  However,  it  has  been  found  that  fish  eyes 
am  not  necessarily  always  initiated  by  hydrogen  I  *  M. 

8.2  SOURCES  OF  HYDROGEN 

Hydrogen  is  introduced  into  weldments  because  molecular  hydrogen  and  hydrogen  bearing  compounds  (water 
vapor)  dissociate  into  atomic  hydrogen  in  the  welding  arc.  Molten  weld  metal  absorbs  atomic  hydrogen  in  proportion 
to  the  hydrogen  partial  pressure  in  the  arc  atomsphere U  “1 . 

The  hydrogen  content  of  the  weld  metal  at  the  time  of  solidification  1 I -3 1  can  be  calculated  rather  accurately 
from  the  partial  pressure  of  hydrogen  in  the  arc  atmosphere  and  Sieverts  solubility  data  for  2820  F.  There  is  good 
correlation  between  hydrogen  content  of  the  arc  atmosphere  and  the  extent  of  underbead  cracking  in  a  crack  sensitive 
steel. 

High  hydrogen  content  in  the  core  wire  and  moisture  content  in  the  electrode  coating  also  promote  the  form¬ 
ation  of  fissures  in  beads  .  When  a  bead  is  deposited  in  a  hydrogen  bearing  atmosphere,  the  hydrogen  con¬ 

centration  in  the  molten  pool  is  high.  During  the  welding  cycle,  the  HAZ  is  subjected  to  temperatures  which  greatly 
accelerate  the  diffusion  of  hydrogen.  Although  the  time  of  holding  at  elevated  temperature  is  limited  by  the  nature 
of  the  welding  cycle,  it  is  reasonable  to  assume  that  it  is  of  sufficient  length  for  the  HAZ  metal  near  the  fusion  line  to 
attain  a  hydrogen  concentration  almost  equal  to  that  found  in  the  weld  metal. 

Intcrante  and  Stout  P  6I ,  published  data  showing  the  effects  of  hydrogen  In  gas-metal  arc  weldments.  Their 
tests  were  performed  primarily  with  low  chemistry  HY  80  steel,  which  was  subjected  to  various  heat  treatments. 
With  a  dry  argon  atmosphere, cracks  were  not  produced  even  at  the  hlghesr  restraint .  However,  susceptibility  to  delayed 
cracking  was  found  to  Increase  with  the  hydrogen  content  of  the  welding  atmosphere. 

The  quantity  of  hydrogen,  in  free  or  combined  form,  appears  to  act  in  a  cumulative  manner  in  their  range  of 
concentrations  shown  in  Fig.  8.3.  for  a  given  restraint  level.  The  time  required  to  initiate  a  crack  becomes  shorter  as 
the  hydrogen  content  increases. 

The  HY  80  steel  used  lor  (lie  study  was  annealed,  spheroidlzcd.  normalized,  tempered,  spray  quenched, 
tempered,  and  then  spray  quenched.  Its  nominal  composition  is  0.1 8% C,  0.183  Si,  0.303  Mn,  2.253  Ni  and  1.223 
Cr.  Number  2  welding  electrode  contuinx  0.05%  C.  1.323  Mn.  0.55%  Si.  1.3%  Ni, 0.43%  Mo,  0.153  V,  0.5  ppm  H, 
and  low  concentrations  of  I*.  5.  N  and  O. 

Fig.  8.4  shows  the  effect  of  water  vapor  on  time  to  appearance  of  the  first  crack  in  an  argon -hydrogen  weld¬ 
ing  atmosphere,  it  Is  evident  that  the  susceptibility  to  delayed  cracking  is  increased  by  the  presence  of  water  vapor  in 
the  welding  atmosphere.  It  was  discovered  that  the  restraint  levels  required  to  cause  cracking  are  inverse  functions  of 
the  hydrogen  content  (from  0  to  5  percent)  of  the  welding  atmosphere  containing  I  percent  water  vapor  I  lb), 

8.3  TEST  METHODS  PROPOSED  FOR  THE  DETERMINATION  OF  CRACKING 
SUSCEPTIBILITY  OF  STEEL  WELDMENTS 

Various  approaches  and  types  of  specimens  .ire  used  for  quantitative  evaluation  of  crack  susceptibility.  A 
description  and  salient  features  of  the  more  important  tost  procedures  follow. 

8.3.1  BEND  TEST  (SIX  BEAD,  THREE  LAYER  WELDON  PLATE) 

lilts  procedure  is  a  comparatively  simple  bend  test,  which  was  developed  in  the  laboratories  of  the  McKay 
Company  by  DcLongl  I'M.  The  investigator  stated  that  a  slow  bend  test  of  a  multipass  weld  is  capable  of  simulating 
weakness  in  a  weldment.  The  tests  are  easy  to  run  and  the  specimen  is  inexpensive  and  requires  no  machining.  The  test 
results  show  distinct  differences  in  hydrogen  response  under  varied  conditions.  In  addition,  testing  for  hydrogen  in¬ 
duced  brittle  failures  can  be  made  because  the  slow  bcrnl  test  allows  adequate  time  for  migration  of  hydrogen  to  areas 
of  high  stress  concentrations  located  within  (he  weld  bead. 
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Fig  8.3  -  Effect  of  hydrogen  concentration  in 
welding  atmosphere  on  the  time  delay  of 
cracking  in  HY-80  steel  (low  chemistry) 
welded  with  alloy  No.  2  electrodes  at 
at  a  restraint  level  of  8  in. 


Restraint,  in 

Fig.  8.4  -  Effect  of  water  vapor  on  time  of 
appearance  of  the  first  crack  in  an  argon • 
hydrogen  welding  atmosphere, 


Hie  lest  specimen  consists  ofasix  bead,  three-layer  weld  on  1/2  or  5/8  in.  thick  plate  which  is  1-1/2  in.  wide 
and  about  8  in.  long.  Use  of  the  test  should  be  restricted  to  welds  of  140  ksi  minimum  yield  strength.  There  are  three 
beads  in  the  first  layer,  two  in  the  second,  and  one  in  the  third.  A  cross  section  of  the  test  weldment  is  shown  in 
Fig.  8.5. 


A  summary  of  (he  welding  procedure  i  » follows: 

1. 

Baseplate  -  HY  140  steel  from  USS 

7. 

Voltage  -  24  volts 

■j 

Preheat  temperature  •  200  F 

8. 

Bead  Length  •  6  to  6-1/2  in. 

3. 

Interpass  temperature  •  250  F 

9. 

Typical  lime  cycle  for  welding  6  beads 

4. 

Welding  time  per  bead  -  55-70  seconds 

with  250  F  Snterpass  is  approximately 

5. 

Electrode  size  •  5/32  in. 

1 10  minutes. 

6. 

Current  •  160  amperes 

10. 

Heat  input  of  37,500  joules  per  inch.  1 10$. 

lire  specimen  is  (rent  in  a  power  driven  hydraulic  (Hess,  lire  test  procedure  consists  of  3  bending  stages  as 
shown  in  Fig.  8.5. 

Stage  I  the  specimen  is  bent  for  approximately  Id  seconds  on  a  14  in.  radius  mandrel  which  produces 
approximately  3  percent  fiber  elongation  in  the  last  head  weld. 

Stage  2  a  second  bending  on  a  one  in.  radius  mandrel  to  increase  the  fiber  elongation  to  1 5  to  20  jrercent 
in  the  mid-section  of  the  weld. 

Stage  3  -  a  final  trending  to  complete  fracture  as  a  free  bend  (about  120  seconds). 

According  to  DcLong  in  the  bend  test,  plastic  strain  caused  by  stressing  the  test  sample  over  the  yield  point 
and  the  complex  high  stresses  associated  with  straining,  act  as  a  substitute  for  the  complex  high  stresses  of  a  cruciform 
or  heavy  restrained  joint.  Hydrogen  significantly  reduces  the  bend  angle  and  fiber  elongation  in  the  bend  test.  If  suffi¬ 
cient  hydrogen  is  present  to  cause  visible  flaws,  their  formation  during  bending  further  reduces  bend  angle  and  fiber 
elongation. 
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Sec  text  fot  welding  and  testing  details. 
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Hie  bend  test  can  be  used  to  advantage  in  the  following  areas: 

•  Studies  to  determine  effects  of  specific  alloying  elements  and  impurities,  and  allowable  moisture  and 
hydrogen  levels; 

•  Studies  to  establish  required  preheat  and  interpass  temperatures,  and  base  material-weld  metal 
compatibility; 

•  Specification  testing  requirements,  where  this  type  of  test  may  be  used  as  a  substitute  for  the  cruci¬ 
form  test; 

«  Quality  control  applications  such  as  lot  comparisons  and  the  determination  of  the  effect  of  exposure 
of  electrodes  to  dehydration  under  various  conditions. 


8.3.2  BEND  TEST  (NOTCHED  SPECIMEN) 

This  method  is  also  based  on  bend  testing  however,  the  test  specimen  is  notched.  Flanigan,  Bocarsky  and 
McGuire  [3]  designed  a  specimen  which  consists  of  a  bead-on-plate  weld  deposited  along  the  major  center  line  of  a 
4  in.  x  9  in.  x  3/4  in.  blank  [3}.  The  axis  of  the  weld  lies  in  the  direction  of  rolling.  The  transverse  notch  (1/16  in. 
radius)  is  cut  to  a  depth  of 0.020in.  below  the  surface  of  the  plate.  The  notch  terminates  in  the  weld  metal  at  the  center 
line  of  the  weld. 

During  testing,  the  specimen  is  bent  as  a  centrally  loaded  simple  beam  with  the  notched  side  in  tension,  at  a 
cross  head  speed  of  0.4  in./min.  Bending  is  continued  up  to  a  sudden  and  complete  fracture  and  the  bend  angle  at 
fracture  is  a  measure  of  ductility  of  the  weld  itself.  It  is  necessary  to  render  the  material  outside  the  weld  so  notch- 
sensitive  that  it  becomes  unable  to  withstand  the  propagation  of  cracks  originating  in  the  weld.  This  is  achieved  by 
using  a  sufficiently  low  test  temperature. 


8.3.3  LEHIGH  RESTRAINT  TEST  (MECHANICAL  GAGE  MEASUREMENTS) 

Although  various  test  procedures  are  used  for  determining  the  effect  of  hydrogen  on  weld  metal  cracking, 
the  Lehigh  Restraint  Test  is  considered  one  of  the  most  significant  i  18,  19)  This  sensitive  test  makes  it  possible  to 
evaluate  the  effect  onhydrogen  cracking  of  weldments  for  a  number  of  variables  such  as  restraint,  welding  conditions, 
microstructure,  steel  composition,  and  preheating.  The  specimen  design  allows  variations  of  the  restraint  against  which 
the  weld  contracts  during  cooling.  The  problem  of  varying  the  restraint  was  solved  by  cutting  slots  Into  the  sides  and 
ends  of  the  plate  specimen.  The  degree  of  prevailing  restraint  is  then  determined  by  the  distance  between  opposite 
slots,  Additional  details  of  the  design  can  be  found  in  Fig.  8.6. 

The  measurements  of  the  constrictions  across  the  weld  groove  and  the  crack  formation  in  the  deposited  weld 
metal  are  of  predominate  interest.  Tire  contractions  during  welding  and  cracking  are  continuously  indicated  on  dials 
of  special  mechanical  gages,  which  are  fastened  to  pins  at  the  mid-point  of  the  weld,  one  on  top.  and  one  at  the 
bottom  of  the  test  plate.  Cracking  is  readily  picked  up  by  these  gages. 
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Pig  9.6  -  The  Lehigh  restraint  test  specimen. 
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8.3.4  RESTRAINT  TEST  (USING  TRANSDUCER) 

Interante  and  Stout  [16]  improved  the  technique  of  evaluating  groove  contraction,  onset  of  cracking,  and 
delayed  cracking  time  using  the  restraint  test.  They  employed  a  differential  transformer  type  of  transducer  across  the 
mid-point  of  the  welding  groove.  On  one  side  of  the  groove,  the  transducer  is  attached  by  a  brass  mount,  fitted  into 
a  hole  in  the  plate  adjacent  to  the  mid-point  of  the  groove.  The  core  inside  the  transducer  is  spring  loaded  against  a 
brass  bar  similarly  attached  to  the  opposite  side  of  the  weld  groove.  This  mount  is  fitted  with  an  adjustment  bolt  by 
which  a  recorder  pointer  is  set  at  the  desired  position  on  the  recorder  chart,  and  the  output  from  the  transducer  fed 
into  a  multipoint  recorder.  Cracking  response  of  multiple  specimens  may  be  evaluated  by  means  of  this  improved 
technique.  Cracking  is  indicated  by  a  change  in  the  output  voltage  and  movements  as  small  as  0.0001  in.  can  be 
recorded. 

8.3.5  MODIFIED  RESTRAINT  TEST 

The  effects  of  a  restraining  force  and  hydrogen  on  root  cracking  of  various  high  strength  steel  welds  ranging 
in  strength  from  50  to  80  kg/mm2  (7 1-1 1 4  ksi)  have  been  studied  also  by  Nakamura  et  al. [20]  who  developed  a  special 
tensile  restraint  cracking  test  procedure. 

8.4  THE  PROBLEM  OF  SAMPLING  AND  DETERMINATION  OF  HYDROGEN  IN  THE  WELD 
METAL 

The  method  of  sampling  may  greatly  affect  the  results  of  hydrogen  determination  in  the  weld  deposit  and 
is  a  very  critical  factor  for  achievement  of  accurate  analyses  I  IS  1 .  This  is  clearly  depicted  in  Fig,  8.7. 

It  is  concluded  from  this  figure  that  the  quenched  sample  data  are  more  truly  representative  of  the  hydrogen 
content  of  the  liquid  weld  metal,  than  data  from  the  air  cooled  specimens.  The  latter  procedure  might  be  more  useful 
in  an  investigation  of  hydrogen  retained  under  practical  conditions  of  welding.  A  commonly  accepted  practice  is  to 
report  the  measured  gas  volume  on  the  basis  of  100  g  deposited  or  fused  metal. 

Christensen  1 1 5 1  has  discussed  the  possibility  of  estimating  the  fractional  hydrogen  losses  by  appropriate 
calculations,  if  it  is  inferred  that  the  initial  hydrogen  distribution  immediately  after  solidification  is  uniform. 

It  may  be  assumed  that  the  average  hydrogen  content  per  unit  mass  of  weld  metal  does  not  vary  much  from 
layer  to  layer.  A  very  tentative  assumption  has  been  nude  also  that  single  bead  test  data,  reported  on  the  basis  of 
fused  metal,  are  representative  of  the  highest  hydrogen  content  that  can  be  expected  in  multilayer  deposits  from  the 
same  electrode. 

Welding  engineers  frequently  refer  to  three  types  of  hydrogen  1 1 5| .  A  diffusible  fraction  which  is  released 
on  prolonged  storage  at  or  clure  to  room  ictnpcraiute,  a  residual  fraction  which  is  recovered  at  elevated  temperatures, 
and  the  fixed  hydtogen  obtained  by  subtraction  of  the  diffusible  plus  residual  hydrogen  from  the  total  hydrogen.  The 
vacuum  fusion  method  ts  used  for  the  analysis  of  'otal  hydrogen.  Frequently,  the  diffusible  Hydrogen  is  collected  at 
about  45  C  over  a  period  of  48  hours.  More  specifically  the  diff'oiblc  hydrogen  is  defined  as  that  volume  of  gas  ex¬ 
tracted  at  45  C  during  a  48  (tour  period  from  a  bead  deposited  on  mtld  steel  under  sjrecified  conditions  of  welding. 
The  residual  hydrogen  content  may  then  be  defined  as  that  volume  rtf  gas  completely  extracted  at  <>S0C  from  samples. 
Previously  deg«i  !  3l  temperatures  which  generally  do  not  exceed  4SC.  However.  Stout  considers  it  necessary  to 
extend  the  time  of  evolution  of  diffusible  hydrogen  to  72  hours  I  lh| . 

Blake (2 1 1  adopted  the  following  procedure  of  preparation  of  samples  for  analysis  by  the  vacuum  extrac¬ 
tion  technique.  The  original  weld,  cooled  to  -78  C.  is  first  cut  to  remove  1  to  1-1/2  in.  “run  on1'  and  “run  off"  pieces 
from  cacti  end.  lire  weld  deposit  is  then  cut  away  from  the  parent  plate  while  three  jets  of  liquid  carbon  dioxide  fC'Ov) 
arc  sprayed  over  the  weld.  The  sample  is  machined  in  a  shaping  machine  and  kept  at  a  low  temperature  by  two  jets  of 
liquid  COs.  After  machining  it  is  enveloped  in  solid  ('(>2  and  taken  to  the  laboratory  for  analysis.  According  to  Blake, 
tltc  entire  machining  and  setting  up  process  takes  about  35  minutes. 

It  is  rather  difficult  to  establish  limiting  values  for  lire  critical  hydrogen  content  necessary  to  impart 
mechanical  damage  to  the  weld  metal.  Generally  speaking,  increasing  quantities  of  diffusible  hydrogen  hi  mild  steel 
weld  metal  lead  to  decreasing  ductility.  Although  it  lias  been  suggested  U  **  I  that  nncrofiwures  develop  on  rapid  cool¬ 
ing  of  weld  metal  containing  more  than  12  ml  of  hydrogen  pet  1 041  g  of  metal,  a  truly  critical  hydrogen  content 
depends  primarily  on  cooling  rateand  restraint.  Flanigan!**!  determined  that  after  an  cooling,  the  residual  hydrogen 
content  was  about  4  ml/ 100  g.  whereas  specimens  quenched  immediately  following  completion  of  welding  showed  a 
hydrogen  content  of  about  IS  ml/IOOg  of  weld  metal. 

Tern  pot  ary  lose  of  mechanical  properties  are  associated  with  the  dtllusihlc  fraction  of  hydrogen,  which  will 
be  eventually  released  by  ambient  aging.  Permanent  defects  such  as  weld  metal  fissures,  under -head  and  toe  cracks. 
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as  well  as  porosity,  are  frequently  correlated  with  the  fixed  hydrogen.  The  possible  role  that  the  diffusible  fraction 
may  also  play  in  these  cases  should  be  considered.  It  was  also  suggested  that  studies  be  made  to  determine  the 
correlation  between  the  total  hydrogen  content  of  the  weld  metal  with  the  water  content  of  the  electrode  coating  ( 15). 
Fig.  8.8  shows  a  plot  of  the  total  hydrogen  versus  the  water  content  of  the  coating,  determined  by  a  combustion 
method. 


Hydrogen  in  ore  OImotpn«r«>Ip*rctftt  by  volume! 

Fig  87  ~  The  effect  of  the  method  of  sampling 
weld  metal  on  accuracy  of  hydrogen 
determinations. 


Woto  content,  g/tOO  g  coo  ting 
Fig  8.8  -  Correlation  between  water  content 
of  the  welding  electrode  coating  and  total 
hydrogen  content  of  the  ho Id  metal. 


Data  in  the  range  of  low  watet  contents  are  residual  values,  that  is,  the  electrodes  have  been  dehydrated  as 
recommended  by  the  manufacturer,  prior  to  testing.  The  higher  levels  represent  electrodes  in  ihe  as-delivered  condi¬ 
tion;  water  contents  above  1  percent  have  been  obtained  by  exposure  to  a  humid  atmosphere.  The  measured  hydro¬ 
gen  contents  ate  seen  to  scatter  within  a  band  of  parabolic  shape  as  would  be  expected  from  theoretical  considerations. 
Any  increase  In  the  water  content  of  the  coating  will  result  in  a  proportional  Increase  of  the  partial  press  in,-  In  the 
gas  and  water  vapor  (H?.  +  HoQ)  system.  Based  on  the  experimental  evidence,  the  Investigator  concluded  that  the 
water  content  of  the  coating  gives  a  reasonable  indication  of  the  total  hydrogen  content  of  the  weld  metal,  if  the  data 
are  applied  to  one  group  of  electrodes.  Fig.  8.H  is  instructive  1»  this  context. 

The  relationship  of  underbead  cracking  to  total  and  diffusible  hydrogen  contents  are  shown  in  Fig.  8.9.  The 
extraction  experiments  were  conducted  with  single  Iwad  deposited  on  a  1  in.  (date  of  a  carbon-manganese  steel.  As 


Hydrogen  m  wetd  metol  (ml/lOOg  deposit) 

Fig.  8.9  -  Example  of  relationship  between  under  bead  cracking  and  weld  metal  hydrogen  contents. 
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seen  in  the  curves,  cracking  commences  at  a  total  hydrogen  concentration  above  8  mi/ i  00  g  of  deposit.  However,  at 
the  same  concentration  of  diffusible  hydrogen  there  is  an  increased  tendency  to  cracking(23, 14] . 

8.4 V  THERMAL  CONDUCTIVITY  METHOD  FOR  DETERMINATION  OF  HYDROGEN  IN  WELDMENTS 

A  carrier  gas-thermal  conductivity  method  w»:>  used  for  the  analysis  of  hydrogen  in  weldments!  14,  23| 
Hydrogen,  which  evolves  from  the  weld  at  600  C,  is  carried  in  a  stream  of  pure  argon  ga3,  through  a  furnace  and 
then  to  a  catharometer  cell.  The  catliarometer  consists  of  two  matched  heat  sensing  elements  (thermistors),  which 
are  housed  in  two  separate  cells  heated  to  the  same  temperature.  The  highly  thermoconductive  hydrogen  carried  from 
the  weld  absorbs  heat  from  the  thermistor  when  it  is  introduced  into  one  of  the  cells  and  is  recorded  as  an  electrical 
signal.  The  volume  of  hydrogen  that  produces  e  certain  decrease  in  heat  content  is  then  obtained  from  the  differential 
electrical  measurement,  using  the  argon  (hydrogen  free  cell)  as  the  reference  cell. 

Tentative  recommendations  for  the  determination  of  the  total  hydrogen  content  on  single  beads  of  weld 
met3l  v/ere  issued  by  the  International  Institute  of  Welding  1 24] .  \  method  based  on  hydrogen  encapsulation  has 
been  suggested  by  British  investigators|25) . 

8.6  MITIGATION  OF  EMBRITTLEMENT  AND  FISSURE  FORMATION  IW  WELD  METAL 
AND  THE  HA2 

8.5.1  EFFECT  OF  COOLING  RATE  AND  PRE  HEAT  AND  POST-HEAT  TREATMENTS 

Preheat  and  interpass  temperatures  or  both  have  a  strong  effect  mi  cooling  rate  and  the  release  of  hydrogen 
from  the  weld.  With  slower  cooling  rate  a  greater  proportion  of  hydrogen  is  released,  which  can  appreciably  help 
to  prevent  hydrogen  cracking  in  critical  situations. 

Tltis  phenomenon  confirmed  by  the  seemingly  strange  observation  that  during  summer,  tension  test  results 
on  welded  specimens  passed  the  requirements  but  failed  consistently  during  the  winter.  This  phenomenon)  can  easily 
be  related  to  a  more  contpleie  dissipation  of  hydrogen  in  the  summer  due  to  slower  cooling. 

Die  effect  of  cooling  rate  on  some  mechanical  properties  of  weld  (ensiles  is  vividly  illusiraied  in  Table  8.J. 
Die  results  show  that  all  five  types  of  welds  have  considerably  reduced  ductility  when  cooled  rapidly,  although  only 
two  of  them,  E2 1 7  and  E4.17,  had  shown  figuring  in  a  single  bead  lest  P<*) . 

It  is  of  the  utmost  importance  hi  welding  practice  to  pay  attention  to  the  rate  of  cooling  in  the  weld  beads. 
When  high  cooling  rates  prevail,  preheating  up  to  100C  is  essential.  Low  ductility  of  rapidly  cooled  welds  Is  frequently 
associated  with  minute  intergranular  cracks,  however,  embrittlement  can  occur  without  actual  Insuring.  Once  regions 
of  the  weld  arc  reduced  in  ductility,  hydrogen  can  intensify  embrittlement,  especially  when  associated  with  macro- 
eottl factional  stresses,  as  demonstrated  by  the  hard  /one  cracking  in  the  welding  ol  high  lemile  steels.  In  rhis  respect, 
it  should  be  emphasized  that  rapid  cooling,  in  addition  lo  impeding  the  diffusion  of  hydrogen,  may  also  raise  the 
thermal  stresses  which  affect  the  weld  during  cn«*hngf27| .  Sufficiently  severe  stresses  along  with  a  sufficient  concen¬ 
tration  of  hydrogen  will  promote  figuring.  On  she  other  hand,  welds  with  low  hydrogen  concentrations  are  immune 
to  embrittlement  even  when  quenched  immediately  after  welding. 

Increasing  the  time  interval  between  completion  of  "hiding  and  quenching  also  decreases  the  csient  of  fissure 
formation,  regardless  of  subsequent  rapid  cooling  .if  the  weiu  metal  dcfxisit  i~T{  RoibionUM  found  that  welds  will 
fissure  if  cooled  to  100C  in  less  than  I  minute  but  will  trot  fissure  at  this  temperature  at  a  longer  cooling  tunc  Interval. 

Two  instructive  examples  of  the  effect  of  cooling  rates  follow. 

Example  ) 

Stout  et  al.l'bJ  attempted  to  eliminate  cracking  by  accelerating  the  escape  of  hydrogen  to  the  atmosphere 
by  various  pnslheating  cycles  applied  to  restraint  specimens.  Experimental  results  arc  plotted  in  Fig.  8.10  and  are 
typical  of  post  heating  data.  Post  heat  mg  temperatures.  required  for  compietcelhmnaiion  of  delayed  cracking,  deciease 
with  the  elapsed  lime  after  completion  of  the  welding  prmxdurc. 

Example  2 

Experimental  results  of  bend  tests  showing  the  effest  of  rapid  cooling  on  the  ductility  of  single  bead  welds 
are  compiled  in  Table  R.2.  Single  beads  were  deposited  on  I /2  in.  mikl  steel  and  ievtcd  by  slow  bending  over  a  M  /c 
in  mandril  until  they  cracked.  Specimens  tested  were  cither  in  the  as-welded  condition  or  heat  treated  for  i  hour  at 
650  C.  Rapid  cooling  produced  a  decrease  in  ductility  rn  llte  welds  from  a!)  four  types  of  electrodes.  All  welds  <>,  ept 
the  molybdenum  free  1*21 7  weld  completely  recovered  on  Iieat  treatment  Only  in  the  case  of  the  E2 1 7  weld,  low 
ductility  was  not  associated  with  ttuiumg. 


Fig.  8.  tO  ~  Time  required  to  eliminate  delayed  cracking  In  T- 1  steel,  at  different  postheating 
temperatures  immediately  after  welding.  Steel  was  welded  wit  ft  allow  A/a  2  electrode  at 
two  heat  input  levels  in  argon  with  1%  Hg 0. 

$.5.2  MISCELLANEOUS  METHODS  FOR  MITIGATION  OF  ITSSURINO 

$  5.2.1  Dehydration  of  Welding  Electrode  Coating 

As  stated  previously,  t.a  water  content  of  an  electrode  coating  is  strongly  involved  m  the  coniM  of  the 
hydrogen  concentration  M  tltc  deposited  weld  mctalM'*!.  Hence.  dehydration  of  an  electrode  represents  j  otellusd 
of  increasing  mechanical  stability  of  the  deposited  v  eld  metal  or  of  the  HAZ. 

R. S.2,2  Dehydrogenation  and  Dehydration  of  Pic  Welding  Annorphtrc 

Crack  free  weld  deposits  have  been  obtained  with  commercially,  pure  argon  arc  aimo*phercx(15| .  See 
Section  $.2  for  a  deluded  discussion  o*  the  rote  of  hydrogen  and  water  vapor  in  crack  formation- 

S. S.2.3  Rcdticwg  Impurities  in  Fatcni  Metal 

Srittsh  investigations^^.  2*1}  showed  that  high  strength  carbon-manganese  steels,  highly  purified  by  a 
combination  of  haste  electric  melting  ami  vacuum  degassing,  were  strongly  susceptible  to  hydrogen  induced  HA2 
cracking,  when  sulfur  was  present  Pi  concentrations  levs  than  0.01  percent.  However,  the  removal  of  sulfur  seems  to 
be  of  doubtful  value  because  DrLotigf&l  has  fevund  that  hydrogen  has  a  detrimental  effect  even  in  mctaUof  very 
high  pswity.  It  U  conjectured  that  the  above  finding  would  he  true  for  tire  removal  of  phosphorus  and  silicon. 
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TABLE  8.2  -  BEND  TEST  RESUL  TS  SHOWING  EFFECT  OF  RAPID  COOLING  AND  HE  A  T 
TREA  TMENT  ON  DUCTILITY  OF  SINGLE-BEAD  WELDS 


Electrode 

Cooling 

Heat  Treatment 

Angle  of  Bend 

E2I7 

Air  Cooling 

As  welded 

180° 

Rapid 

As  welded 

18° 

Rapid 

I  h  at  650°C. 

70° 

E2 17-Mo 

Air  Cooling 

As  welded 

180° 

Rapid 

As  welded 

11° 

Rapid 

1  h  at  650°C. 

180° 

E645 

Air  Cooling 

As  welded 

180° 

Rapid 

As  welded 

44° 

Rapid 

1  h  at  650°C. 

180° 

E645-Mo 

Air  Cooling 

As  welded 

180° 

Rapid 

As  welded 

40° 

Rapid 

1  h  at  650°C. 

180° 

8.6  EFFECT  OF  MICROSTRUCTURE  AND  COMPOSITION  ON  HYDROGEN  CRACKING 

8.6.1  EMBRITTLEMENT  EFFECT  OF  MICROSTRUCTURE  OF  METAL  TO  BE  WELDED 


Carbon  segregation  enhances  hydrogen  induced  crack  formation  I  lb] .  |t  has  been  found  that  the  suscepti¬ 
bility  to  delayed  cracking  of  acicular  imcrostructures  and  liner  carbide  structures  decreases  with  decreasing  carbon 
content  1^*1.  A  uniform  microstructure,  one  which  docs  not  have  relatively  soft  phases  at  (he  boundaries  between 
rigid  columnar  grains,  ulso  enhances  resistance  to  delayed  cracking,  whereas  twmncd  martensite  has  a  detrimental 

effect  I32|. 

8.6.2  EFFECT  OF  ALLOYING  ELEMENTS  OF  THE  WELD  METAL 

The  composition  of  the  weld  metal  alloy  must  be  carefully  chosen  to  minimize  cracking  susceptibility. 
Manuel  1*^1  presented  a  case  history  involving  welds  In  a  channel  of  a  reactor  charge  effluent  exchanger,  operated  at 
a  temperature  of  950  F  and  a  partial  hydrogen  pressure  of  .175  psl.  Because  of  an  insufficient,  chromium  and 
molybdenum  content,  the  weld  had  a  very  short  service  life.  Tire  differences  in  the  effect  of  concentration  of  five 
common  alloying  elements  on  the  production  of  weld  fissures!  26|  |s  oleurly  shown  in  Fig.  b.  1 1 . 

A  summary  of  the  effects  of  concentration  of  alloying  elements  on  the  production  of  weld  fissures  ts  as 

follows: 

Molybdenum  -  Addition  of  this  metal  to  the  E 2 1 7  deposit  containing  0.55  percent  manganese  results  in  a 
reduction  in  the  number  of  fissures.  Sound  deposits  arc  obtained  with  approximately  0.80  percent  molybdenum 
(sec  Table  8.2).  However,  further  additions  cause  an  increase  in  fissured  deposits. 

Chromium  and  Vanadium  -  Small  additions  of  either  of  these  metals  cause  a  reduction  in  the  number  of 
fissures,  with  a  minimum  being  reached  at  about  0..15  percent.  Any  further  addition  increases  the  number  of  fissures. 

Nickel  The  number  of  fissures  remains  unchanged  and  high  when  nickel  Is  added  I The  mechanism  of 
delayed  hydrogen  failures  In  the  high  nickel  outraging  steels  has  been  elucidated  by  Toy  and  Phillips! I . 

Manganese  -  Deposits  with  very  low  concentrations  of  manganese  ate  not  fissured.  However,  when  the 
manganese  content  is  raised  above  0.1 5  percent,  the  number  of  fissures  increases  rapidly  lo  a  maximum  al  about  0.55 
percent.  Increasing  the  manganese  eoricnt  to  0,85  percent  has  no  additional  effect.  Although  not  shown  in  the 
figure,  no  additional  effect  was  noted  up  to  a  concentration  of  1.85  percent. 

AH  specimens  wore  air  cooled  after  welding.  The  number  of  llssurcs  was  estimated  from  sections  of  the  bead 
etched  in  50  percent  hydrochloric  acid.  Tltc  approximate  hydrogen  content  was  21  ml/ 1 00  g  of  welding  electrode. 
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fig.  8.11  -  Reiitiotvhip  of  the  conccotretion  of  common  elioying  elements  to  the  number  of  mid  fissures 
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CHAPTER  9 

SULFIDE  CORROSION  HYDROGEN  STRESS  CRACKING  IN  THE 
PETROLEUM  AND  GAS  INDUSTRIES 

9.1  SULFIDE  CORROSION  HYDROGEN  STRESS  CRACKING 

Sulfide  corrosion  hydrogen  stress  cracking  has  been  the  concern  of  engineers  and  metallurgists  in  the  petro¬ 
leum  and  gas  industries  for  many  years.  Bartz  and  Rawlins  and  other  early  investigators  [  I  4] ,  reported  striking 
examples  of  damaging  effects  of  hydrogen  generated  by  sulfide  corrosion  of  steel. 

The  complexity  of  the  subject  matter  is  strikingly  illustrated  by  reports  issued  by  the  Technical  Unit 
Committees  of  NACE  (National  Association  of  Corrosion  Engineers).  In  1952,  the  Technical  Practices  Committee 
1-G  issued  the  first  report  on  field  experience  with  the  cracking  of  high  strength  steels  in  sour  gas  and  oil  wellsl^l . 
This  report  presents  a  number  of  cases  dealing  with  field  experiences,  field  tests,  and  preventive  measures. 

In  1954,  this  committee  issued  a  more  detailed  report,  dealing  with  sulfide  corrosion  cracking  of  oil  pro¬ 
duction  equipn  nt  [6] .  The  importance  of  the  three  main  factors  in  sulfide  corrosion  stress  cracking  is  considered  in 
this  report:  (1)  me  relative  susceptibility  of  the  materials  to  cracking;  (2)  the  severity  of  the  environment;  and  (3)  the 
severity  of  the  mechanical  stresses  to  which  the  material  is  subjected. 

An  incicase  in  hardness  or  yield  strength  also  tends  to  n  use  an  increase  in  susceptibility  to  cracking. 
Failures  have  been  experienced  with  N-80  tubing  and  casing,  9  pt.  ..nt  nickel  steel  tubing,  valves,  some  carbon  steel 
fittings,  and  both  carbon  steel  and  stainless  steel  (AISI  304  and  316)  pipe  lines. 

As  regards  environmental  factors,  the  Committee  emphasized  that  the  minimum  concentration  of  H2S  re¬ 
quired  to  produce  cracking  of  a  very  susceptible  material  has  not  been  precisely  defined,  but  apparently  is  quite  low. 
However,  according  to  Hudgins  and  oilier  investigators!7-!  1 1  0.5  ppm  H^S  In  solution  is  sufficient  to  crack 
oil  field  tubular  steels  rather  quickly.  The  tendency  of  a  given  environment  to  promote  cracking  diminishes  with  in¬ 
creasing  temperature.  Changes  in  environmental  conditions  which  lead  to  a  weakening  of  tire  protective  ferrous  sulfide 
film  should  be  considered  undesirable.  Among  other  significant  chemical  and  physical  factors  in  the  environment  are 
acidity  and  oil  wettability,  because  an  increase  in  the  relative  wettability  of  the  metal  surface  by  the  oil  decreases  the 
tendency  for  the  occurrence  of  corrosive  attack. 

In  consideration  of  mechanical  factors  and  test  conditions,  the  Committee  suggested  that  laboratory  and 
field  testing  strip  type  specimens,  loaded  as  beams,  should  be  stressed  to  values  near  the  yield  strength,  or  slightly 
above.  In  order  to  obtain  failures  in  a  reasonable  time.  Because  of  the  problem  of  data  reproducibility  multiple  test¬ 
ing  is  required  for  accurate  comparisons.  The  same  type  specimens  should  be  employed  in  field  lest  as  in  laboratory 
tests.  Specimens  are  usually  inserted  in  the  How  line  near  (he  well  head  and  urc  securely  mounted  to  prevent  move¬ 
ment  in  the  Bowline.  The  minimum  time  generally  used  In  such  tests  is  two  weeks,  and  the  maximum  time  may  range 
up  to  several  months. 

The  Committee’s  report  also  contains  a  valuuhle  presentation  of  field  lest  data,  and  a  description  of  preven¬ 
tive  measures  used  by  various  operators. 

The  most  recent  report  of  NACE  Technical  Unit  Committee  T-IB.U^]  issued  in  1963,  on  corrosion  in  oil 
and  gas  well  equipment  contains  recommendations  on  materials  lor  sour  service.  The  susceptibility  of  a  number  of 
materials  to  sulfide  corrosion  stress  cracking  is  presented  in  this  report.  AISI  400  series  stainless  steels  become  re¬ 
sistant  to  sulfide  stress  cracking,  if  given  well  controlled  heal  neatments  to  reduce  internal  stresses  and  hardness. 
Monels  al  all  hardness  levels  are  resistant  to  stress  cracking  and  show  excellent  resistance  to  general  corrosion.  Hie 
same  is  true  l  or  Inconel  below  a  Brincli  hardness  level  of  375.  Hard  lacing  materials.  Stellites,  Colmonoy  and  cemented 
carbides  have  proved  lobe  icsisiant  to  corrosive  attack.  For  AIM*  N-80  tubing  and  casing,  special  heat  treatment  con¬ 
ditions  and  a  minimum  tempering  temperature  of  <*I0C  are  required.  The  yield  strength  of  this  steel  should  he  limited 
to  90  ksi  maximum,  to  provide  an  adequate  margin  of  safety.  Chromium-molybdenum  steels  have  also  shown  satis¬ 
factory  behavior. 
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The  susceptibility  of  tubing  materials,  threaded  and  coupled  joints,  integral  joints  and  particularly  the  prob¬ 
lem  of  materials  specification  for  valves  are  also  discussed  in  this  report.  It  is  imperative  to  keep  highly  localized 
stresses  in  valve  bodies  and  components  to  a  minimum.  In  valve  components,  where  high  strength,  wear  resistance, 
etc.  are  essential,  materials  such  as  Inconel,  K-Monel,  Hastalloys,  Stellites  and  cemented  carbides  have  proven  satis¬ 
factory.  A  tentative  NACE  specification!^]  published  in  1963,  outlines  the  requirements  under  which  most  valves 
should  perform  satisfactorily  from  the  point  of  view  of  sulfide  stress  cracking. 

In  addition  to  the  above  Committee  reports  a  number  of  pertinent  papers  will  be  next  discussed.  Baldy  and 
Bowden  [1^1  studied  the  susceptibility  of  martensitic  structures  to  sulfide  corrosion  stress  cracking.  They  used  test 
bars  made  from  API  Grade  N-80  tubing.  Specimens  were  produced  with  0  to  100  percent  martensite  using  appropriate 
prequenching  temperatures.  The  test  specimens  were  four  point  loaded  bent  beam  bars  with  a  constant  load  between 
loading  points.  They  were  immersed  in  a  bath  of  distilled  water  saturated  with  hydrogen  sulfide  and  carbon  dioxide. 
All  specimens  were  loaded  to  various  stress  levels  below  the  y  ield  strength. 

The  susceptibility  of  a  steel  with  80  ksi  minimum  yield  strength  to  sulfide  corrosion  stress  cracking,  was 
found  to  fall  into  the  three  following  categories  depending  on  the  percentage  of  martensite  present: 

a  From  0  to  approximately  35  percent  martensite,  the  steel  is  not  susceptible, 

a  From  35  to  about  80  percent  martensite,  the  permissible  load  carrying  capacity  to  avoid  failure  de¬ 
creases  with  increasing  martensite, 

a  Above  80  percent  martensite,  very  low  stresses  will  cause  failure. 

Baldy  [15]  developed  an  experimental  alloy  containing  Mn-Mo-V  which  meets  API  5 A  grade  N-8Q  require¬ 
ments  and,  according  to  laboratory  experiments,  it  can  be  used  to  advantage  in  sulfide  wells. 

Cauchois,  Didier  and  Herzog!  16]  developed  a  Cr-A!-Mo  alloy  (APS  10  M4  steel)  with  a  thermodynamically 
stable  ferritic  structure  with  highly  dispersed  fine  carbides.  The  resistance  of  this  alloy  against  sulfide  stress  cracking, 
determined  by  field  tests,  appreciably  exceeds  that  of  the  conventional  N-80  steel. 

An  excellent  study  cf  the  susceptibility  to  sulfide  corrosion  stress  cracking  of  AISI  4140  Allen  head  cap 
screws  and  stud  bolts  was  made  by  Warren  and  Beckman!  I  .  The  bolting  material  was  heat  treated  to  provide  speci¬ 
mens  with  hardnesses  in  the  range  of  Rc  20  to  Rc  55.  The  cap  screws  were  loaded  on  bars,  whereas  the  bolts  were 
loaded  in  individual  sleeves.  Holes  were  drilled  in  both  types  of  jigs  to  permit  free  circulation  of  the  corrosive  en¬ 
vironment  around  the  bolts.  Stresses  were  appliod  to  the  bolts  by  tightening  them  in  the  jigs  until  their  elongations 
reached  certain  predetermined  values.  Throe  test  environments  based  on  the  H2S-H20  system  were  used.  Tests  in 
two  environments  were  conducted  under  similar  H2S  pressures  (250  psi)  but  at  different  temperatures  40  C  and  I20C, 
respectively  in  autoclaves.  Tests  In  the  third  environment  were  performed  with  H2S  at  atmospheric  pressure  and  room 
temperature.  Tire  bolts  were  exposed  in  the  water  saturated  vapor  ratlior  than  the  liquid  phase  In  all  three  environ¬ 
ments  and  were  examined  periodically  for  failures.  The  microstructure  of  the  quenched  and  tempered  boils  was 
tempered  martensite. 

A  plot  of  the  minimum  bolting  stress  required  for  failure  versus  the  bolt  hardness  is  given  in  Fig  9, 1 .  Results 
demonstrate  that  the  critical  stress  below  which  sulfide  cracking  docs  not  occur  is  largely  a  function  of  the  hardness 
of  the  material.  No  bolting  failures  occurred  at  hardness  values  less  than  Rc  27  even  at  applied  stresses  approaching 
the  yield  point 

As  shown  in  Fig.  9.2,  the  cracking  susceptibility  was  greatly  reduced  by  raising  the  lest  temperature  from  40 
to  120  C.  On  the  other  hand,  heavy  plastic  pre-straining  of  AISI  4140  bolts  increased  their  susceptibility  to  sulfide 
cracking  at  high  levels  of  applied  stress!  M-21  ] . 

Additional  data  in  the  curves  in  Fig.  9.3  also  depict  a  marked  reduction  in  cracking  time  caused  by  increased 
bolt  hardness.  The  number  of  bolt  failures  for  each  hardness  level  occurring  al  3  given  exposure  lime  was  plotted  as  a 
percentage  of  the  total  number  of  holt  failures  in  that  hardness  range.  The  data  represented  bolt  failures  which  took 
place  at  applied  stress  values  ranging  from  15  to  125  ksi.  Analysis  of  the  data  disclosed  that  the  effect  of  hardness  on 
failure  time  largely  overshadows  any  effect  of  applied  stress  and  pre-stressing. 

As  shown  in  Fig.  9.4,  an  increase  in  applied  stress  reduced  the  lime  to  failure  of  the  Rv-  3?W3  bolts,  but  did 
not  appreciably  affect  the  time  to  failure  of  bolls  in  the  two  lower  hardness  ranges. 

There  was  no  apparent  correlation  between  the  corrosion  rate  in  the  aforementioned  three  environments 
and  the  incidence  of  sulfide  stress  cracking.  The  formation  of  fractures  was  noted  at  four  principal  locations:  ( I )  in 
the  threaded  portion  between  the  nut  and  the  unthreaded  shank  (gauge  failure);  (2)  in  the  threaded  portion  engaged 
in  the  nut  (nut  failure);  (3)  in  the  unthreaded  shank  (shank  failure);  and  (4)  in  the  minimum  cross-section  at  the  base 
of  the  cap  (head  failure).  In  the  case  of  nut  failures,  the  restraint  by  the  nut  thread  caused  multiple  cracking.  Crack¬ 
ing  in  the  uniformly  martensitic  microstructure  was  found  to  be  occasionally  cither  intergranular  or  tfansgranukir 
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Warren  and  Beckman  1 17]  performed  numerous  experiments  to  prevent  bolting  failures  in  H2S-H2O  en¬ 
vironments.  Primarily,  the  effectiveness  of  three  procedures  was  studied:  (1)  addition  of  corrosion  inhibitors;  (2)  use 
of  metallic  coatings;  and  (3)  use  of  other  alloys  for  manufacturing  bolts.  Protection  by  inhibitors  will  be  discussed  in 
the  next  section. 

Seven  different  types  of  metallic  coatings  were  applied  to  the  bolts  prior  to  their  exposure  to  the  H2S-H2O 
systems.  The  hardness  and  strength  level  of  these  bolts  were  sufficient  to  ensure  cracking  of  uncoated  specimens. 
The  results  of  this  study  are  summarized  in  Table  1 .  While  most  of  the  coatings  were  effective  in  increasing  bolt  life, 
they  did  not  provide  consistent  reliable  protection  against  hydrogen  stress  cracking.  The  relatively  heavy  nickel 
plating  (0.00S  in.  thick)  gave  good  protection.  Despite  its  effectiveness  in  these  tests,  nickel  plating  was  rejected  as  a 
method  of  preventing  bolting  failures  in  the  field  because  the  making  and  breaking  of  threaded  joints  materially  in¬ 
creases  the  probability  of  mechanical  rupture  of  the  coating. 


TABLE  9. 1  -  EFFECT  OF  METALLIC  COA  TINGS  ON  THE  SUSCEPTIBILITY  OF  TYPE  4140  BOL  TS 

TO  SULFIDE  CORROSION  CRACKING 


Type  of 

Avg.  Time 

Exposure  Time 

Environment 

Number  of  bolts 

Number  of 

To  fracture 

Unfailed  Bolts 

Coating( 1 ) 

Exposed(2) 

Bolts  Failed 

(Hours) 

(Hours) 

No  coating 

4 

4 

500 

- 

Cd 

2 

2 

1100 

- 

Zn 

2 

1100 

H2S-H2O 

at  40  C 

Cr 

2 

2 

1400 

— 

250  psi 

Pb 

2 

2 

1400 

Brass 

2 

0 

- 

3200 

Ni 

4 

0 

- 

8600 

No  coating 

5 

s 

250 

-- 

Zn 

2 

2 

500 

- 

H2SH2O 

Brass 

2 

2 

600 

- 

at  room  tomp. 

At 

3 

2 

1700 

11.000 

Atm,  press. 

Cd 

2 

•> 

7600 

... 

Pb 

2 

\ 

8400 

14,000 

Cr 

2 

1 

14000 

14.000 

^All  coatings  were  clectrodeposiied  having  a  minimum  thickness  of  0.002  in.,  except  A I  which  was 
a  sprayed  paint  coaling  applied  in  3  successive  light  layers,  and  the  Ni  coating  which  wasO.OOS  in.  thick. 


t~^AIl  bolls  were  heat  treated  to  a  hardness  level  of  Rc  38-42  ami  stressed  to  55-65  ksi. 

Substitute  materials,  such  us  316  stainless  in  the  annealed  condition.  K -Monel,  Inconel  and  Inconel  K,  were 
immune  to  sulfide  cracking  even  at  high  levels  of  hardness  and  applied  Press  (Rc  32-36  and  100  125  ksi). 

In  summary,  the  hydrogen  embrittlement  theory  of  boll  cracking  is  strongly  supported  by  the  following 
facts:  (I)  the  decrease  in  cracking  tendency  with  increasing  test  temperature;  (2)  the  correlation  between  hardness 
and  susceptibility  to  ctacking;  (3)  the  effectiveness  of  corrosion  inhibitors  and  (4)  the  effectiveness  of  corrosion  re¬ 
sistant  metallic  coatings. 

Hudgins  et  all7]  as  well  as  other  investigators  1 20-22] (  used  a  stressed  notched  C-ring  similar  to  that 
developed  by  Williams.  Beck,  and  Jankowsky.  In  general  their  results  confirmed  those  obtained  by  Warren 
and  Beckman.  In  addition,  they  also  agreed  Ural  hydrogen  is  the  primary  factor  involved  in  suiftdc  corrosion 
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stress  cracking  of  high  strength  steels.  Treseder  and  Swanson  found  a  rather  drastic  increase  in  time  to  failure 
for  H2S  concentrations  below  30  to  40  ppm,  or  for  higher  H2S  concentrations  when  the  pH  is  increased  to  9.5. 
Warren  and  Beckman  U  7]  recommend  maintaining  hardness  below  the  Rc  27  level  and  bolt  stresses  to  40ksi,  while 
Treseder  and  Swanson,  considering  the  difficulty  in  controlling  bolt  stresses,  prefer  that  the  hardness  be  less  than 
Rc  20. 

Recently,  Schenck,  Schmid  tmann  and  Klamer[23]  studied  the  effect  of  natural  gas  on  the  cracking  behavior 
of  high  strength  steel.  The  H2S  content  of  German  natural  gases  was  found  to  range  between  0.5  and  1  percent. 
Hydrogen  penetration  into  spring  loaded  cylindrical  specimens  was  studied  for  the  H2S  containing  gases  when  the 
dew  point  was  varied  over  a  wide  range.  The  effect  of  H2S  containing  liquids  with  a  varied  pH  was  also  investigated. 
These  investigators  recommended  drying  the  gases  as  effectively  as  possible,  because  desulfurization  is  not  economi¬ 
cally  feasible.  They  noted  that  at  a  dew  point  of  a  gas,  which  is  approximately  20  C  below  the  lowest  operating  tem¬ 
perature  at  the  inside  wall  of  the  pipe  line,  the  H2S  content  no  longer  exerts  a  corrosive  effect  on  the  steel.  They  also 
found  it  highly  desirable  to  maintain  the  gas  pressure  inside  the  tine  as  low  as  possible.  In  addition,  they  recommended 
that  the  hardness  of  the  pipe  steel  be  as  low  as  possible. 

A  number  of  German  investigators  are  in  agreement  with  the  recommendations  of  Schenck  et  al. 
Naumann,(241  conducted  delayed  failure  tests  under  sustained  loads  in  humid  gases  containing  H2S,  and  in  aqueous 
solutions  of  H2S.  A  beneficial  effect  was  obtained  by  drying  the  gases  or  by  increasing  the  pH  above  10.  A  marked 
decrease  was  observed  in  the  susceptibility  to  delayed  cracking  with  decreasing  H2S  concentration.  He  emphasized 
the  importance  of  the  formation  of  a  protective  iron  sulfide  coating.  Corresponding  results  were  obtained  by  other 
German  investigators[2S-27]  _  Embrittlement  in  humid  environments  containing  H2S  can  be  completely  excluded  by 
alloying  14  percent  chromium  to  the  steel  (28 1 , 

Snapc(29,  30]  studied  sulfide  corrosion  hydrogen  stress  cracking  in  some  medium  and  low  alloy  steels, 
types  4600,  47353  to  47367.  In  addition,  N-80  B  and  D,  and  a  great  number  of  other  low  alloy  steels  were  tested. 
Strength  level  of  the  medium  alloy  steel  was  varied  from  155  to  260  ksi,  a^d  for  the  low  alloy  steel  it  was  varied 
from  100  to  280  ksi.  The  smooth  three-point  loaded  beam  specimens  were  immersed  in  a  dilute  NaCI  solution  sat¬ 
urated  with  H2S  and  experiments  were  performed  over  a  wide  pH  range.  Stress  rupture  tests  and  hydrogen  determin¬ 
ations  were  made  on  specimens  with  the  hydrogen  introduced  into  the  steel  by  cathodic  charging  at  different  current 
densities  as  well  as  on  specimens  hydrogenated  in  a  sulfide  containing  medium.  The  embrittlement  effects  of  these 
treatments  on  the  steels  were  basically  identical,  clearly  indicating  again  that  sulfide  stress  cracking  is  essentially  hy¬ 
drogen  embrittlement.  Additional  evidence  in  favor  of  this  conclusion  was  obtained  by  nctallographl,-  examination, 
which  showed  that  the  mode  of  crack  growth  for  specimens  exposed  In  IDS  media,  is  precisely  the  same  as  that  in 
specimens  embrittled  by  cathodic  charging.  A  number  of  other  findings  of  tills  investigator  are  in  excellent  agreement 
with  those  mentioned  above.  By  a  special  heat  treatment  called  "interciitlcal  hardening*’,  Snape  et  all-1'  I  succeeded 
in  increasing  the  strength,  ductility,  and  resistance  to  sulfide  stress  cracking  of  A1S1  4340  and  similar  steels. 

Batesl^l  studied  comprehensively  sulfide  stress  cracking  of  high-yield-strength  steels  in  sour  crude  oils.  It 
is  his  considered  opinion  that  the  yield  strength  of  steels  is  more  important  lor  determining  sulfide  stress  cracking 
performance  than  the  hardness.  In  anticipation  that  the  petroleum  industry  might  be  interested  in  Using  ASTM-A- 
157.  Grade  F  and  A-5 17.  Grade  B  steels  for  large  welded  storage  tanks,  sulfide  cracking  studies  were  performed  on 
nine  structural  steels  exposed  to  sour  gis.  oil.  and  brine  in  crude  oii  storage  tanks.  The  steels  were:  ASTM  A-5 1 7  F. 
A  S  1 7  B.  A-302  B.  A44I .  A-242.  A-285.  A-537.  AIS1  4130,  and  635  stainless. 

Two  typos  of  specimens  wore  used:  (Da  machined  smooth  tensile  specimen  Umded  in  a  stressing  ting,  which 
afforded  u  precise  knowledge  of  tire  applied  stress;  and  (2)  a  tuning-fork  specimen,  that  applied  realistic  stresses  to 
as-wclded  and  as-tolled  plate  surfaces,  by  bolting  the  ends  of  the  tines  together. 

Tire  tuning  forks  can  be  stressed  to  a  definite  level,  or  beyond  the  yield  point,  and  cold  worked  by  bending 
the  tines  outward.  Cold  worked  tuning  forks  were  also  welded  by  placing  a  weld  bead  on  the  outside  ot  one  line  at 
its  base,  and  then  stressed  by  closing  the  lores  completely.  Tuning  fork  specimens  arc  pictured  in  Fig.  9,5. 


Ai 


Fig.  9.5  -  Tuning-fork  specimens  used  for  sulfide  cracking  studies. 
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The  tension  specimens  were  tested  in  both  the  welded  and  unwelded  conditions.  Welded  tension  specimens* 
were  machined  from  butt-welded  1/2  in.  plate,  so  that  the  heat  affected  sone  on  one  side  of  the  weld  was  approxi¬ 
mately  in  the  center  of  the  specimen-gauge  length.  Most  welded  specimens  were  stressed  to  75  percent  of  the  yield 
strength,  some  to  80  percent  whereas  unwelded  specimens  were  stressed  to  a  specified  level  either  below  the  yield 
strength  or  slightly  above  it.  Specimens  were  exposed  in  two  crude  oil  storage  tanks,  one  contained  a  moderate  con¬ 
centration  of  H2S  representing  a  very  corrosive  environment,  while  the  other  contained  a  low  sulfide  concentration 
representing  a  moderately  corrosive  environment.  Additional  exposure  tests  were  performed  in  two  separating  tanks. 
Specimens  were  periodically  inspected  visually  and  were  considered  to  have  failed  if  they  fractured,  or  contained  a 
crack  visible  under  low  magnification. 

The  effect  of  increasing  yield  strength  on  the  frequency  of  failure  of  all  specimens  in  sulfide  containing  test 
media  is  summed  up  in  Fig.  9  6.  Increasing  yield  strength  is  shown  to  decrease  resistance  to  sulfide  stress  cracking. 
AIS1  type  635  stainless  (183  to  202  ksi  yield  strength)  had  about  80  percent  failure  frequency.  All  steels  in  the  1 12 
to  128  ksi  yield  strength  range,  ASTM  A-517  F  steel,  A-517  B  steel,  A1SI  4130  steel,  and  quenched  and  tempered 
ASTM  A-302  (modified)  steel,  had  about  20  percent  failures,  whereas  ASTM  A-441  steel  and  A-242  steel  (52  to  56 
ksi  yield  strength)  had  only  about  5  percent  failures.  The  fact  that  ASTM  A-285  (35  ksi  yield  point)  steel  is  practically 
immune  to  cracking  whereas  type  635  stainless  is  highly  susceptible  is  in  good  agreement  with  observations  made  in 
the  petroleum  indusry. 


A  plot  of  failure  incidence  of  1 12-128  ksi  yield  strength  steel  versus  H2S  concentration  in  different  environ¬ 
ments  illustrates  that  high  strength  steels  will  crack  at  iow  sulfide  concentrations  (Fig.  9.7). 

High  yield  strength  and  the  hydrogen  disulfide  content  of  the  crude  oil  are  important  factors  in  the  sulphide 
stress  cracking  of  steels.  The  same  is  true  for  weldments  where  the  cracks  were  formed  in  or  immediately  adjacent 
to  the  heat  affected  zone,  as  pictured  in  Fig.  9.8  (33] .  Post  weld  heat  treatments  reduced  the  hardness  markedly,  and 
therefore,  lessened  cracking  susceptibility  (See  Chapter  8). 


Fig.  9.7  -  Effect  of  WpS  concentration  on 
frequency  of  cracking  of  1 12  to  128  ksi 
yield  strength  steels  in  sour  crude  oils, 
brine  and  gas. 


Heot-offected  metal 


Fig.  9.8  -  Tuning  fork  specimen  in  ASTM  AS17B 
steel  cracked  in  the  heat  affected  rone,  adjacent 
to  the  weld,  after  exposure  to  a  sulfide 
containing  test  medium.  Etched  in 
Vital  tX9). 


An  interesting  result  was  obtained  with  large  U-bend  specimens  fabricated  of  the  susceptible  ASTM  A-527  F 
steel  and  coated  with  a  cosi  tar  epoxy.  No  failures  were  observed  during  an  exposure  time  of  12  months  in  an  acidic 
IbS  saturated  solution.  Coaled  specimens,  which  had  a  hole  drilled  through  the  coating  (l/H-in.  diameter Mirto  the 
metal  at  the  point  of  maximum  stress,  failed  between  1 1  and  12  months,  while  uncoatcd  specimens  failed  overnight. 
This  result  dearly  demonstrates  that  even  a  defective,  but  otherwise  good  coating,  can  markedly  prolong  the  life  of  a 
susceptible  steel. 

Hydrogen  problems  are  also  encountered  in  the  field  of  hydrogen  treating  proccssesl-M|  l  or  example,  cad¬ 
mium  (dated  coil  valve  springs  in  reciprocating  compressors  and  impellcts  used  in  hydumilfurization  and  hydrogen 
cracking  processes  were  hydrogen  damaged.  Cracking  was  initiated  when  pressurized  recycle  gas  con  tamed  IbS  and 
acidic  moisture.  A  high  cracking  incidence  was  found  for  tow  aUoy  struclural  steel  and  precipitation  hardening  stain¬ 
less  steels  with  yield  (mints  above  100  ksi 


9.2  EFFECTIVENESS  OF  ORGANIC  CORROSION  INHIBITORS 

There  arc  divided  opinions  concerning  the  effectiveness  of  organic  corrosion  inhibitors  in  reducing  hydrogen 
sulfide  corrosion.  However,  there  can  bJ  no  doubt  that  tins  type  ol  inhibition  is  closely  related  to  retardation  of  both 
the  dissolution  rate  of  iron  and  hence.  (Ire  hydrogen  evolution  reaction  (Discussed  m  detail  m  the  Chapter  on 
Mechanisms) 

Bradley  and  Dunn  (3$  I .  working  in  the  laboratories  of  the  Shell  Development  Company,  exposed  high 
strong' It  steel  in  a  IDS  absorption  pilot  plant.  Titty  found  that  corrosion,  and  hence,  blister  and  crack  formation  v  ere 
mote  effectively  inhibited  by  water  soluble,  olcophobic.  umda/ohne  type  substances  than  by  water  dispcrsablc  amine 
type  corrosion  inhibitors 

Warren  and  Beckman  1 1^1  evaluated  two  inhibitors.  Dtmmeen  T  and  tclraelhytcnepefllaminc.  iTEPA),  two 
low  vapor  pressure  amines.  Tlte  addition  of  cither  ol  tltese  inhibitors  to  the  liquid  phase  of  the  40  C.  250  psi. 


H2S-H2O  system,  markedly  reduced  the  corrosion  rate  for  short  time  exposures  (100  to  400  hours).  Cracking  tests 
were  performed  in  the  liquid  phase  of  pressurized  H2S-H2O  systems  at  40  C  with  about  500  ppm  of  the  inhibitor 
added.  Hardness  and  stress  level  of  the  test  bolts  were  sufficient  to  insure  cracking  in  the  absence  of  any  inhibitor. 

Results  of  the  experiments  showing  the  cracking  behavior  of  A1S1 4140  bolts  in  inhibited  and  uninhibited 
systems  are  shown  in  Fig.  9.9.  TEPA  reduced  the  percentage  of  bolt  failures  form  100  to  40  percent.  In  spite  of  this 
favorable  result,  the  above  investigators  conclude  that  the  practical  significance  of  these  tests  is  limited,  because  the 
number  of  bolts  tested  was  insufficient  for  a  reliable  statistical  evaluation.  Moreover,  neither  inhibitor  was  100  per¬ 
cent  effective  in  preventing  failure. 


Pig.  9.9  -  t'ftectivetvHS  of  Duomaen  T  and  TEPA  itatraadiylao*  pantonine)  in  reducing  cracking 
auscaptibiUty  of  AlSt  4 149  boils,  exposed  in  a  pr&tuttiad  HgS  HgO  system  at  40  C. 


Riggs  and  Raddl^A)  anj  Keeney  at  ai.P?!  also  showed  he  close  relationship  between  inhibition  of  cor¬ 
rosion  in  hydrogen  sulfide  containing  systems  and  reduction  in  susceptibility  to  sulfide  stress  cracking.  The  stress 
rupture  life  of  highly  stressed  notched  C-rlngs  was  significantly  longer  when  the  corrosion  inhibitor,  alkyl  propylene 
diamine  salicylate,  was  added  to  an  aggressive  NaC  1  brine,  saturated  with  1HS. 

Bates (32 1  established  a  definite  relationship  between  inhibition  of  general  common  of  high  strength  steel 
and  its  cracking  incidence  in  sour  crude  oils.  He  emphasised  drat  the  inhibitors  used  in  Iris  investigation  did  not  en¬ 
tirely  prevent  cracking  (similar  to  results  obtained  by  Warren  <>nd  Bcckmanl  1 7!  )and  suggested  Out  chemical  inhibi¬ 
tion  should  not  be  used  as  the  sole  preventive  measure. 
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CHAPTER  10 


DAMAGING  EFFECTS  OF  HIGH  PRESSURE  HYDROGEN 
AT  ELEVATED  AND  AMBIENT  TEMPERATURES 


Since  a  comprehensive  report  1 1 1  dealing  with  the  embrittlement  of  steel  by  high  pressure  hydrogen  at  and 
above  ambient  temperatures  was  published  in  1964,  only  the  more  recent  findings  will  be  discussed  in  this  chapter. 
The  results  confirm  that  hydrogen  embrittlement,  induced  by  high  pressure  hydrogen  at  ambient  temperature, 
reveals  all  the  features  typical  of  embrittlement  by  elect roy ticaily  generated  hydrogen.  However,  the  adverse  effect 
of  high  pressure  hydrogen  at  elevated  temperatures  in  many  cases  is  not  caused  directly  by  absorbed  hydrogen 
atoms,  but  by  an  irreversible  chemical  reaction,  in  which  hydrogen  atoms  are  involved.  To  avoid  confusion,  the  last 
mentioned  process  will  be  designated  “hydrogen  attack."  It  is  clear  that  "hydrogen  attack”  differs  from  hydrogen 
embrittlement  defined  previously.  Thus,  some  striking  cases  of  “hydrogen  attack"  will  be  presented  for 
completeness  of  studies  and  postulations  made  concerning  this  process. 

10.1  HYDROGEN  ATTACK  AT  HIGH  TEMPERATURES  AND  PRESSURES 

As  early  as  1938.  Naumann[2l  considered  the  possibility  of  formation  of  CH4  in  connection  with  the 
hydrogen  attack  of  unalloyed  steel.  However,  it  was  not  until  recently  that  Podgurskil^)  postulated  that  the 
reaction  between  hydrogen  and  ccmentite  proceeds  predominantly  on  grain  boundaries  and  is  as  follows: 

FC3C  +  2H2  ♦OM  +  3Fe  (10.1) 

This  investigator  extracted  CH4  quantitatively  from  hydrogen  attacked  steel  specimens.  Tire  above 
reaction  would  explain  why  hydrogen  attack  of  steel  is  associated  with  decarburization  which,  as  a  rule,  is  followed 
by  formation  of  Internal  fissures,  resulting  in  a  permanent  loss  in  ductility  and  strength.  Decarburization  may  also  be 
accomplished  at  ambient  pressure,  but  the  temperature  must  be  above  625  ('. 

Allen  et  al.Hl  analyzed  the  kinetics  of  the  attack  of  steel  by  hydrogen  In  terms  of  a  chemical  rate  process. 
From  the  reaction  of  hydrogen  with  cementile.  they  derived  an  equation  for  calculation  of  the  time  necessary  to 
attuln  a  given  CH4  prossure.  Results  obtained  by  this  equation  are  only  in  lair  agreement  with  the  experimental 
facts.  This  type  of  calculation  does  not  consider  a  number  of  intermediate  reactions  which  are  part  of  the  overall 
mechanism  of  nydrogen  attack.  For  the  methane  reaction  to  occur  inside  the  steel,  tire  following  sequential  steps 
must  take  place:  (I)  hydrogen  adsorption  on  the  metal  (2)  hydrogen  absorption  into  the  metal  ( 3 )  ((illusion  to  the 
reaction  sites.  Carbon  is  furnished  to  these  sites  of  high  activation  energy  by  migration  of  carbon  atoms. 

They  attempted  to  calculate  the  quantity  of  CH4.  C,n.  produced  for  a  reaction  time  from  the  following 
equation. 


Cm-  Cu  |  cxp(*A){  (I0.2> 

where  C0  is  the  initial  carbon  concentration,  and  A  a  complex  function  of  the  rate  constant  k|  of  the  CII4  reaction 
and  hydrogen  concentration  as  0  function  of  the  hydrogen  pressure  and  the  reaction  time.  Results  of  numerical 
evaluation  of  Kq.  10.2,  plotted  in  Fig.  10. 1  indicate  an  initial  rapid  increasing  rate  of  reaction  between  carbon  and 
hydlogen.  After  an  optimum  value  is  attained,  steady  state  is  approached  rapiJIy. 

Tire  rate  of  the  methane  reaction  is  primarily  determined  by  the  rale  ar  which  carbon  is  furnished  to  the 
reaction  sites,  and  therefore,  it  is  concluded  that  the  availability  of  carbon  atoms  at  internal  reaction  sites  is  rate 
controlling. 

Steuben  and  CcigcrlSl  calculated  the  maximum  depth  of  hydrogen  attack,  represented  hy  figuring  to  be  a 
function  of  the  sauare  root  of  the  hydrogen  pressure  and  of  the  reaction  temperature. 

Vitovccfbj  emphasized  tint  the  intensity  of  the  hydrogen  attack  depends  on  the  carbon  content  in  solid 
solution,  and  on  the  rate  of  hydrogen  absorption,  and  hence,  on  the  partial  pressure  of  the  ambient  gas.  It  is  lus 
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and  the  Initial  carbon  concentration  respectively)  to  the  variables  t,  exposure  time, 
k  i,  rate  constant  of  the  methane  reaction,  and  h$,  hydrogen  solubility. 

considered  opinion  < hat  the  growth  of  large  fissures  is  proceeded  by  the  formation  of  cavities,  and  the  rate  of 
propagation  of  the  fissures  along  grain  boundaries  determined  by  a  vacancy  condensation  mechanism,  furthermore, 
the  effects  of  the  methane  pressure  and  of  an  applied  tensile  stress  on  the  rate  of  fissure  propagation  are  addltively 
superimposed. 

Thoma  el  al  l7!  have  examined  the  microstuicture  of  hydrogen  attacked  steel  and  confirmed  that  the 
fissures  nucleate  ut  carbide  particles  and  grow  by  consumption  of  carbon  in  tire  particle  and  growth  continues  by 
migiution  of  fresh  carbon  atoms  to  the  fissure.  This  explains  why  the  steel  is  weakened  not  only  by  fissure 
formation,  but  also  by  removal  of  carbon  from  tire  steel  structure,  which  finally  leads  to  complete  decarburization. 

Most  of  the  aforementioned  work  deals  with  engineering  steel.  Thoma  el  al.  also  investigated  lire  stress 
rupture  properties  of  very  low  carbon  steel,  attacked  by  hydrogen.  Results  obtained  with  this  material  were 
compared  with  those  on  steel  which  contained  only  a  small  quantity  of  carbon  but  in  concentration  sufficient  to 
make  it  susceptible  to  hydrogen  attack.  The  comparison  was  made  between  Ferrovac  I-,  a  vacuum  melted  iron 
containing  90  ppm  of  C  and  approximately  0.1  per  cent  impurities  and  a  "decarburized"  Fcrrovac  with  only  about 
10  to  IS  ppm  of  carbon.  Mildly  notched  flat  specimens  were  exposed  in  autoclaves  placed  in  a  resistance  heated 
furnace.  The  experiments  in  argon  were  performed  at  538  C  at  a  pressure  of  100  psig  and  those  in  hydrogen  at  900 
psig  at  a  temperature  of  5 1 7  C. 

After  argon  exposure  the  decarburized  Fcrrovac  contained  numerous  large  intergranular  voids  and  the 
matrix  was  heavily  deformed,  whereas  after  hydrogen  exposure  for  100  hours,  the  formed  fissures  were  confined  to 
the  immediate  vicinity  of  the  grain  boundaries.  No  changes  in  the  mechanical  properties  were  noted  after  completion 
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of  the  tests.  The  iron  with  the  higher  carbon  content  was  exposed  to  a  hydrogen  environment.  After  completion  of 
the  test,  its  tensile  strength  was  markedly  reduced  and  the  carbide  grains  were  completely  removed.  According  to 
Thoma  et  al.,  these  results  prove  clearly  that  the  presence  of  carbide  is  prerequisite  for  hydrogen  attack  and  that  the 
rate  of  this  process  is  controlled  by  the  velocity  of  carbon  migration. 

Addition  of  carbide  forming  alloying  elements  (carbide  stabilizer)  such  as  Cr,  Mo,  W,  Ta,  V  and  Nb  to  steel, 
substantially  increased  the  resistance  to  hydrogen  attackl^9).  Biscaroand  Geiger(10]  discovered  that  by  alloying  a 
low  carbon  steel  (Ferrovac  1020)  with  a  small  quantity  of  Nb,  the  extent  and  depth  of  hydrogen  induced  fissures 
were  reduced  as  a  result  of  the  formation  of  finely  dispersed  stable  carbides. 

Non-carbide  forming  elements  such  as  nickel  and  cobalt  are  not  effective  for  increasing  resistance  to 
hydrogen  attack.  Also,  silicon,  which  is  used  to  advantage  for  reducing  susceptibility  of  steel  to  hydrogen 
embrittlement,  has  no  beneficial  effect  on  hydrogen  attack. 

Austenitic  stainless  steel  [1  M-l  is  rather  resistant  to  damage  by  hydrogen  attack  while  a  coarse  grained 
high  carbon  steel  is  more  sensitive  to  this  type  of  attack  than  a  fine  grained  low  carbon  steel. 

Instructive  case  histories  of  hydrogen  attack  of  boiler  steels  were  presented  in  1964  at  a  meeting  of  the 
Research  Committee  on  Boiler  Feed  Water  of  the  American  Society  of  Mechanical  Engineers  [13-22]  .  it  was 
emphasized  that  the  damaged  boiler  tubes  were  all  located  in  areas  of  highest  heat  input  and  many  of  them  showed 
evidence  of  severe  corrosion  attack.  All  leaking  tubes  were  located  within  cyclone  burners,  and  evidence  was  found 
that  the  failures  concentrated  underneath  corrosion  products  formed  at  an  area  where  the  metal  temperature  was 
high.  No  attack  was  observed  at  the  cold  side  of  the  tube. 

It  was  also  reported  that  hydrogen  damage  in  boiler  tubes  was  characterized  by  bulging  and  longitudinal 
cracking  and  by  complete  blow  out  of  a  tube  section.  A  close  interrelation  between  hydrogen  attack  and  surface 
oxidation  was  noted  by  other  investigators.  Conditions  were  improved  materially. by  incorporating  an  organic 
chemical  in  the  boiler  system,  which  was  effective  in  dispersing  corrosion  products  throughout  the  boiler  water  and 
preventing  local  surface  attack. 

It  was  also  reported  at  the  meeting  that  hydrogen  attack  occurcd  at  many  different  locations  in  boilers  of  a 
great  variety  of  designs  operating  at  pressures  from  450  to  2700  psi  and  temperatures  between  260  to  510  C.  Low 
carbon  steel  was  damaged  less  rapidly  when  the  iron  carbide  was  spheroidized,  or  with  steel  of  relatively  high  oxygen 
content.  Addition  of  carbon  stabilizers  was  again  shown  to  be  beneficial. 

The  next  figure,  Fig.  10.2,  strikingly  depicts  examples  of  hydrogen  damage  in  boilers. 
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Fig.  10.2  -  Hydrogen  attack  in  boilers  underneath  corroded  areas.  Development  of  dark  rones  in 
areas  whore  hydrogen  attack  occurred  after  etching  with  hot  1: 1  HC1. 
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A  plot  showing  the  rapid  increase  in  rate  of  hydrogen  attack  with  increasing  temperature  is  given  in  Fig. 
10.3.  Any  cause  which  resulted  in  changes  in  the  flow  pattern  within  the  boiler  tubes  was  also  a  contributing  factor 
and  damage  was  found  at  backing  rings  and  in  bent-tube  sections. 

Ames  and  Smith  designed  an  ingenious  test  loop  for  investigation  of  hydrogen  attack  [2 1  ]  which  is  depicted 
in  Fig.  10.4.  The  loop  which  takes  water  from  the  boilers  is  equipped  with  sections  to  which  heat  can  be  applied  to 
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rate  of  hydrogen  attack  on  boiler  steel  with  and  Smith  for  the  study  of  hydrogen  attack, 

increasing  operating  temperature. 

simulate  boiler  conditions.  Provisions  are  made  for  varying  the  rate  of  circulation  and  for  adding  contaminants  to 
water  flowing  through  the  test  sections.  A  large  number  of  variables  can  be  monitored  in  this  device.  With  this  set 
up,  Ames  and  Smith  established  that  an  important  contributing  factor  in  hydrogen  attack  is  contamination  of  the 
boiler  water.  Hydrogen  attack  of  sections  in  the  test  loop  was  brought  about  by  adding  contaminants  to  the  feed 
water  which  apparently  precipitated  in  critical  areas.  It  was  concluded  that  hydrogen  attack  is  the  result  ol  a 
combination  of  many  factors,  none  of  which  can  be  singled  out  as  a  major  factor  responsible  for  the  tube 

damage!  22], 

Hydrogon  attack  not  only  occurs  on  boiler  walls  and  tubing  bu.  also  in  the  synthetic  ammonia  process,  in 
hydrogonation  and  dehydrogenation  plants.  In  synthetic  ammonia  plants  under  working  condi lions  where  pressures 
range  from  (1500-2000  psi)  the  attack  of  coarse  grained  steels  with  ferritic  and  pearlitic  structure  is  slight  but 
bceomos  serious  at  temperatures  exceeding  3 1 5  C. 


10.2  EMBRITTLEMENT  BY  HIGH  PRESSURE  HYDROGEN  AT  AMBIENT  TEMPERATURE 

A  number  of  cases  will  now  be  presented  where  true  embrittlement  is  initiated  in  a  high  pressure  hydrogen 
environment  at  ambient  temperature.  This  problem  has  numerous  important  practical  implications,  e  g.  in  liquid 
fueled  rocket  engines.  Since  hydrogen  is  one  of  the  most  important  fuels  for  hypersonic  uircralt.  long  range 
spacc-cralt,  e.g.,  the  Mariner,  and  very  probably  the  nuclear  rocket,  it  must  be  compatible  with  the  many  alloys  (iron 
based  and  others)  of  the  propellant  system.  As  a  rule,  the  investigations  discussed  below  were  made  with  high  purity, 
carefully  dried  hydrogen 

The  effect  of  high  pressure  hydrogen  upon  the  tensile  properties  and  fracture  behavior  ol  AISI  304  L 
stainless  steel  at  room  temperature  was  studied  by  Vennett  and  Ans«ll|23|  U(1d  others  1 24,25 1 ,  The  experiments 
were  conducted  on  reduced  section  specimens  and  notched  specimens.  Exposure  time  and  hydrogen  pressure  (up  to 
10  ksi)  were  varied  over  a  wide  range.  It  was  found  that  high  pressure  hydrogen  brought  about  a  marked  reduction  in 
tensile  strength  and  ductility.  Increasing  notch  acuity  and  hydrogen  pressure  furthered  the  reduction  in  NTS. 
whereas  exposure  time  was  not  a  variable  ol  significance.  A  prerequisite  for  mechanical  damage  was  lound  lt>  be  a 
deformation  induced  transformation  of  the  austenitic  struct ui c  to  a  martensitic  or  ierritic  structure,  occurring 
during  exposure  of  strained  specimens  to  high  pressure  hydrogen.  Conversely  AISI  3 10.  a  stainless  steel  with  a  stable 
structure,  does  not  transform  and  hence,  there  is  only  little  or  no  loss  in  its  tensile  properties  when  deformed  under 
the  above  described  conditions. 
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Vennett  and  Ansell [23j  discovered  that  with  increasing  hydrogen  pressure  as  well  as  notch  acuity,  the 
mode  of  fracture  changed  from  shear  with  a  dimpled  appearance  to  a  predominantly  dimpled  structure,  containing 
regions  of  quasi-cleavage  and  intergranular  fracture. 

In  essence,  these  results  were  confirmed  by  Benson  Jr.,  Dann  and  Roberts  [26],  who  also  investigated  the 
mechanical  properties  of  A1SI  300  series  stainless  steels  in  a  high  pressure  hydrogen  environment  at  ambient 
temperature.  They  also  found  embrittlement  of  an  unstable  austenitic  steel  when  strained  plastically  in  the  hydrogen 
environment,  whereas  a  stable  structure  did  not  respond  to  hydrogen.  The  presence  of  hydrogen  caused 
embrittlement  at  the  martensitic  structure  and  a  definite  change  in  the  general  fracture  mode  from  a  ductile  to  a 
quasi-cleavage  type.  These  investigators  suggested  that  hydrogen  initiates  microcracks  in  the  martensitic  structure. 

Hofmann  and  Rauls  and  others  [27-301  evaluated  the  effect  of  high  pressure  hydrogen  on  the  tensile 
ductility  of  Armco  iron  and  various  steels.  Their  results  shown  in  Fig.  10.5  can  be  interpreted  in  the  light  of  a  true 
hydrogen  embrittlement  mechanism. 

As  in  the  case  of  embrittlement  produced  electrolytically,  ductility  increased  with  increasing  rate  of  testing 
and  at  temperatures  exceeding  ambient  temperatures.  Hofmann  et  al.  confirmed  that  regardless  of  differences  in  the 
lattice  structure  both  bcc  and  fee  structures  were  susceptible  to  hydrogen  embrittlement. 

Very  recently,  Walter  and  Chandler  [3 1  ]  presented  the  results  of  comprehensive  tension  tests  on  low  alloy 
notched  and  unnotched  specimens  of  high  strength  low  alloy  steels,  stainless  steels  and  other  steels.  Measurements 
were  performed  on  specimens  exposed  to  high  pressure  hydrogen  at  ambient  temperature.  Their  results  which  offer  a 
good  picture  of  the  present  state  of  the  art  of  hydrogen  embrittlement  of  steels  by  high  pressure,  room  temperature 
hydrogen  are  summarized  as  follows: 

•  The  exposure  time  is  not  critical. 

•  Embrittlement  increases  with  increasing  pressuie  of  the  hydrogen  gas  environment,  even  when  diluted 
with  helium.  However,  small  quantities  of  air  added  to  hydrogen  reduce  the  capability  of  the 
hydrogen  to  generate  embrittlement. 

•  Decreasing  the  ratio  of  yield  to  ultimate  strength  facilitates  the  inducement  of  embrittlement. 

•  Increasing  notch  acuity,  up  to  a  limiting  value,  diminishes  notch  tensile  strength  and  ductility. 

•  Non-stable  types  of  AIS1  300  scries  stainless  steels  are  embrittled,  but  stable  austenitic  stainless  steels 
arc  not. 


Fig.  IQ.  5  -  Effect  of  temperature  on  tensile  ductility  of  an  annealed  steel  exposed  to  air  and  hydrogen  environments. 

To  explain  some  of  the  facts,  summarized  above,  it  may  be  assumed  that  the  practically  instantaneous 
accomplishment  of  embrittlement  is  the  result  of  the  high  dtffuslviiy  of  hydrogen  atoms  in  a  gaseous  environment, 
particularly  under  conditions  of  increased  pressure.  Walter  and  Chandler  demonstrated  the  exponential  dependency 
of  the  tensile  ductility  on  hydrogen  pressure,  which  may  indicate  an  effect  on  the  strength  of  the  H-H  bond  so  that 
the  increasing  pressure  gives  rise  to  an  increase  in  number  of  free  hydrogen  atoms  available  for  adsorption  at  the 
solid  interface. 
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The  beneficial  effect  of  the  presence  of  air  in  the  hydrogen  environment,  apparently  is  the  result  of  a 
reinforcement  of  the  oxide  coating  present  on  the  steel,  because  Walter  et  al.  demonstrated  a  markedly  enhanced 
access  of  hydrogen  to  the  metal  surface  after  mechanical  removal  of  the  oxide  barrier. 

Lorenz  [32]  studied  the  effect  of  pressurized  hydrogen  on  Inconel  718.  Surface  flawed  specimens  were 
subjected  to  sustained  loads  and  flaw  extension  measurements  were  made  by  a  polarized  light  technique.  The  effect 
of  high  purity  hydrogen,  pressurized  to  5200  psig  at  ambient  temperature,  on  the  mechanical  aspects  of  crack 
growth  in  Inconel  was  expressed  in  terms  of  initial  and  final  crack  sizes,  applied  stress  levels,  and  calculated  stress 
intensity  parameters. 

Marked  hydrogen  induced  flaw  extension  and  drastic  reduction  in  fracture  toughness,  and  hence,  in  the 
load  carrying  capacity  of  the  Inconel  specimens  were  found.  Fractcgraphic  analysis  of  failed  specimens  did  not 
reveal  any  definite  trend  in  the  behavior  that  could  be  traced  to  the  metallurgical  composition  of  the  material. 
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CHAPTER  11 


EMBRITTLING  EFFECT  OF  MOISTURE  DURING  HEAT  TREATMENT 


11.1  EMBRITTLING  EFFECT  OF  MOISTURE 

ZapffeUl  performed  bend  tests  on  A1SI 414  stainless  steel,  hardened  in  dry  helium,  dry  air,  and  steam  at  1 
atmosphere  pressure,  at  temperatures  ranging  from  800  to  1100  C.  The  specimens  surrounded  by  steam  were 
critically  embrittled.  The  metal  fractured  at  very  small  bend  angles,  for  hardening  temperatures  in  the  commercial 
range  around  1000  C.  The  performance  of  AISl  410  and  430  stainless  steels  was  similar.  Both  grades  failed  after 
hardening  temperatures  in  a  rather  low  range  near  850  C,  in  a  furnace  atmosphere  of  steam  at  1  atmosphere.  At 
temperatures  of  full  hardening,  embrittlement  was  very  severe. 

In  Fig.  11.1,  results  for  several  different  grades  of  stainless  steel  are  shown  by  shaded  areas,  which  depict 
the  difference  in  average  bendability  for  heat  treatments  in  dry  air  versus  those  in  1  atmosphere  of  water  vapor.  For 
AISI  410  stainless,  the  high  bend  value  in  dry  atmosphere  was  reduced  to  a  value  as  low  as  10°.  Increasing  carbon 
content  rapidly  increases  the  susceptibility  to  embrittlement,  as  is  clearly  shown  by  the  low  bendability  limits  for 
AISI  440-C  steel.  This  grade  is  brittle  even  when  hardened  from  a  dry  atmosphere.  Its  sensitivity  to  hydrogen  is  so 
great  that  slight  amounts  of  moisture  further  reduce  the  bendability  until  a  virtually  glasslikc  condition  is  attained. 

Bend  values  arc  also  depicted  for  AISI  430  stainless,  which  is  a  widely  used  material  belonging  to  tltc  Class 
II  steels  which  arc  not  fully  hardenablc.  The  full  bend  for  hardening  from  a  dry  atmosphere  is  reduced  to  values  less 
than  60°  when  steam  is  admitted  to  the  furnace. 

The  above  described  steam  phenomenon  may  be  discussed  In  the  light  of  the  theory  of  the  hydrogen 
potential  of  metal-steam  reactions!*!.  There  is  a  well  known  process  for  producing  hydrogen  which  involves  the 
oxidation  of  iron  by  steam. 


xFc  +  ylhOj;  FcxOy  +  yH2  (III) 

The  subscripts  x  and  y  refer  to  unidentified  proportions  and  permit  the  equations  to  be  generally  used  lot 
any  given  oxide. 

By  Introduction  of  I  atmosphere  of  steam  into  a  closed  container  in  the  presence  of  iron,  hydrogen  would 
be  developed  in  accordance  with  the  above  equation  until  equilibrium  is  attained.  The  theory  of  the  hydrogen 
potential  proposes  that  essentially  such  conditions  prevail  at  the  surface  where  steam-metal  reactions  proceed. 
Atomic  hydrogen  is  generated  from  water  at  the  instant  it  reacts  with  the  metal,  and  then  is  absorbed  into  the  steel. 
The  calculation  of  the  absorbed  quantity,  which  is  based  on  the  thermodynamics  of  tire  reaction  of  moisture  with 
Iron,  has  the  attributes  of  a  pressure  I  - 1 . 

The  effect  of  variation  of  the  humidity  of  certain  gases  at  room  temperature  on  the  hydrogen  induced  crack 
propagation  of  notched,  high  strength  steel  specimens  subjected  to  sustained  loading  was  discussed  previously. 
Fx  tensive  work  pertaining  to  the  humidity  effect  was  also  done  by  Janichc  el  al.l-M.  These  investigators  found  a 
rapid  decrease  in  tire  stress  rupture  life  of  notched  high  strength  steel  specimens  with  Increasing  humidity  ol  the 
surrounding  atmosphere.  Time  to  cracking  at  a  load  of  185  kg/mm*  (202  ksi)  at  d5  per  cent  relative  humidity  was 
about  two  powers  of  ten  shorter  than  that  at  a  humidity  of  only  20  per  cent.  Stress  rupture  life  also  decreased 
markedly  with  increasing  steel  hardness. 
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430  410  440  C 

A.f.S.I.  grade 


Fig.  11.1  -  Bendabitity  limits  (or  throe  stainless  steels  given  a 
hardening  treatment  in  steam  II  atm.  water  vapor)  or  dried  air. 
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CHAPTER  12 


CAUSTIC  CRACKING  OF  STEELS 


12.1  CAUSTIC  CRACKING  OF  STEELS 

The  problem  of  caustic  cracking  was  studied  recently  rather  thoroughly  by  Robins  and  Nel.Jl]  who 
emphasized  its  insidious  nature.  Caustic  cracking  at  times  progresses  to  a  dangerous  extent  before  indications  for 
suspecting  its  existence  have  arisen.  Indeed,  in  some  instances,  disastrous  explosions  have  occured  where  evidence 
of  its  presence  had  either  not  been  visible  beforehand,  or  had  not  been  recognized.  It  is  commonly  found  in  the 
riveted  joints  of  boilers,  and  occasionally,  at  attachments  for  fittings  and  at  the  expansion  of  tube  plates.  It  is  not 
encountered  where  the  construction  is  seamless  or  welded,  except  occasionally  at  attachments  for  fittings.  There  are 
also  cases,  where  welded  pipes  carrying  contaminated  process  steam,  have  been  found  to  be  susceptible  to  caustic 
cracking. 

Microscopic  exantination  of  the  damaged  steel  parts  usually  reveals  the  presence  of  one  large  fissure  with 
associated  secondary  branching  cracks  taking  an  intergranular  path  through  the  ferritc-pearlite  microstructure  (Fig. 
12.1). 


Fig.  12.  t  -  Caustic  crocking  of  steel.  Path  of  crock  is  intergranular  through 
fetrite-poatUte  microstructure  with  secondary  brafKhing  crocks 

It  has  also  been  found  that  there  is  sometimes  preferential  attack  on  the  carbide  lamellae  of  thr  jiearlitc  Jl 
has  been  sugsested  that  cracks  of  this  particular  type  are  associated  with  the  action  of  caustic  alkali,  produced  by  the 
hydrolysis  of  sodium  catbonatc  present  in  the  boiler  water  i  *  I . 

It  is  known  that  strong  sodium  hydroxide  solutions  tcacl  with  iron  to  form  hydrogen.  *?  was  therefore 
suspected  that  thete  was  a  possible  relationship  between  caustic  cracking  and  hydrogen  embrittlement  F.xpcmncnts 
Uiowed  (bat  appreciable  damage  to  the  steel  only  occurred  when  the  concentration  of  the  hydroxide  solution 
exceeded  the  "udrance  levels"  in  tlte  bmlcr  ssater  It  was  established  that,  if  the  boiler  water  entered  cavities 
invariably  present  in  meted  scams,  the  subsequent  loss  of  water  vapor  to  the  atmosphere  resulted  in  a  high 
concentration  of  the  dissolved  vail  set  I  Inn  the  seams  When  a  seam,  that  has  failed  due  to  caustic  cracking,  is  taken 
apart  strongly  alkaline  deposits  arc  generally  found  In  addition  to  the  presence  of  caustic  alkali  m  contact  with  the 
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affected  part,  the  material  must  have  been  subjected  to  a  tensile  stress.  Both  practical  experience  and  laboratory 
experiments  indicate  that  the  magnitude  of  this  stress  must  approach  closely,  and  most  probably  exceed  the  yield 
point  [2] . 

Robins  and  NelfU  emphasize  that,  although  caustic  cracking  is  a  physical-chemical  process  falling  under 
the  general  heading  of  stress  corrosion  or  hydrogen  embrittlement,  the  precise  mechanism  involved  remains  obscure. 
Therefore,  they  have  performed  a  number  of  experiments  to  obtain  more  information  about  the  mechanism  which 
controls  caustic  cracking  and  to  determine  the  effects  of  stress,  corrosive  environment,  and  steel  quality. 

Important  information  was  obtained  from  exposure  tests  in  autoclaves.  The  autoclaves  used  for  these  tests 
were  designed  for  operation  up  to  350  C  and  2,500  psi.  Specimens  were  exposed  as  U-bend  beams,  stressed  by  means 
of  a  special  jig.  Exposure  time  was  about  1 1 5  hours  in  a  50  per  cent  NaOH  solution.  In  practice,  caustic  failure 
generally  occurs  in  the  boiler  steam  (200  •  250  C).  For  this  reason,  the  runs  were  made  at  temperatures  between  210 
and  250  C.  In  addition  to  lead  oxide  and  potassium  permanganate,  sodium  silicate  was  used  as  a  crack  stimulator. 

Three  steels  were  tested,  a  fully  killed  carbon  steel,  designated  FF,  semi-killed  steel,  SF,  and  a  rimming  low 
carbon  steel,  RF.  The  effect  of  a  number  of  variables  on  caustic  cracking  is  compiled  in  Table  12.1. 

The  results  show  that  the  fully  killed  carbon  steel,  FF,  cracked  readily  while  the  semi-killed  steel,  SF, 
showed  only  a  slight  tendency  to  crack.  The  rimming  (low  carbon)  steel,  RF  was  found  to  be  most  resistant  to 
cracking  attack.  It  was  also  confirmed  that  applied  tensile  stresses  are  particularly  effective  in  initiating  caustic 
cracking.  In  this  regard,  it  was  substantiated  that  caustic  cracking  only  occurs  in  parts  which  have  suffered  some 
degree  of  plastic  deformation.  Caustic  cracks  always  started  at  the  surface  of  the  steel. 

It  was  concluded  that  the  hydrogen  embrittlement  mechanism  of  caustic  cracking  is  not  in  accordance 
with  the  experimental  findings  that  specimens  containing  small  cracks,  previously  exposed  to  caustic  solutions, 
behave  in  a  completely  ductile  fashion  when  bent  slowly  through  1 80°.  The  specimens  stressed  immediately  after 
exposure  to  the  caustic  solutions  were  completely  unembrittied,  whereas  specimens  tested  under  conditions 
simulating  aciuai  steam  boiler  conditions,  contained  cracks  filled  with  corrosion  products.  Robins  and  Nell  1 1 
suggest,  very  appropriately,  that  the  corrosive  agent  penetrates  into  the  cracks  as  a  result  of  capillary  action.  The 
crack  propagates  further  into  the  interior  of  the  steel  and  the  corrosive  action  is  then  concentrated  on  the  small 
anodic  region  at  the  crack  tip.  They  suggest  that  this  is  a  typical  case  of  stress  corrosion  and  hence  conclude  that 
the  hydrogen  embrittlement  mechanism  of  caustic  cracking  should  be  abandoned  in  favor  of  this  corrosion 
mechanism. 

More  light  was  shed  on  the  mechanism  of  caustic  cracking  by  experiments  performed  recently  by  Wenezel 
and  Wranglen[2j.  These  investigators  subjected  stressed  vacuum  annealed  high  strength  carbon  steel  wire  to  anodic 
and  cathodic  polarization  at  a  temperature  of  100  C  in  solutions  of  NaOH  (20  to  60  per  cent),  using  a  potentiosiatic 
technique,  in  general,  they  did  not  find  a  reduction  in  fracture  strength  or  elongation  under  the  cathodic  conditions 
of  hydrogen  evolution.  However,  under  anodic  polarization  there  was  a  reduction  in  fracture  strength.  They 
conclude  that  caustic  cracking  is  not  caused  by  embrittlement  by  hydrogen,  but  by  a  stress  corrosion  phenomenon 
and  are  in  agreement  with  those  of  Robins,  Much  additional  work  is  required  to  unequivocally  establish  the 
controlling  mechanism. 

A  more  detailed  discussion  of  the  problem  of  differentiation  between  hydrogen  embrittlement  and  stress 
corrosion  was  presented  in  Chapter  6. 
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TABLE  12 1  THE  EFFECT  OF  STEEL  COMPOSITION  ON  CAUSTIC  CRACKING 
IN  SO  PER  CENT  NaOH  SOLUTION. 


- r 

Spec. 

Sodium  Silicate 

Exposure 

%Max. 

Exposure 

No. 

%  Equivalent 

Temp.  deg.  C 

Load 

hr. 

Remarks 

SF14 

0.3 

210 

100 

112.30 

No  cracks  after 

SF1S 

0.3 

210 

91.0 

112.30 

exposure  and 

SF16 

0.3 

210 

96.3 

112.30 

bending  through  180° 

SF17 

0.3 

210 

97.9 

112.30 

FF14 

0.3 

210 

100 

112.50 

Large  Cracks 

FF15 

0.3 

210 

89.3 

112.50 

Fine  Cracks 

FF16 

0.3 

210 

96.3 

112.50 

Fine  Cracks 

ffj: 

0.3 

210 

98.0 

112.50 

Fine  Cracks 

FF68 

3.0 

250 

100 

24 

Large  Cracks 

FF69 

3.0 

250 

100 

24 

Large  Cracks 

FF70 

3.0 

250 

80 

24 

Fine  Cracks 

FF71 

3.0 

250 

80 

24 

Fine  Cracks 

SF23 

3.0 

250 

100 

24 

No  Cracks 

SF24 

3.0 

250 

100 

24 

No  Cracks 

RF19 

3.0 

250 

100 

24 

No  Cracks 

RF20 

3.0 

250 

100 

24 

No  Cracks 

FF67 

4.0 

250 

100 

24 

Large  Cracks 

FF68 

4.0 

250 

100 

24 

Large  Cracks 

SF21 

4.0 

250 

100 

98.30 

Fine  Cracks 

SF22 

4.0 

250 

100 

98.30 

Fine  Cracks 

RF'8 

4.0 

250 

100 

98.30 

No  Cracks 

RF18 

4.0 

250 

too 

98.30 

J _ _ 

No  Cracks 

N.H.  100%  max.  load  is  the  oeak  in  the  stress-strain  cufve. 


♦Tho  sodium  silicate  %  equivalent  is  the  amount  of  silicate  present  as  a  percentage  of  the  NaOH  in  solution. 
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CHAPTER  13 

CATHODIC  PROTECTION  OF  STEEL  TO  MINIMIZE  CORROSION 


13.1  HYDROGEN  EMBRITTLEMENT  OF  CATHODICALLY  PROTECTED  STEEL 

Cathodic  protection  is  often  applied  to  steel  parts  that  are  exposed  to  corrosive  environments  in  service. 
The  objective  is  to  maintain  strength  or  load  carrying  capacity  of  the  part  by  preventing  corrosion  which  would 
reduce  the  effective  cross  sectional  area.  As  strength  levels  and  attendant  design  stresses  of  the  steel  are  raised,  it 
becomes  progressively  more  important  to  protect  against  corrosion  and  avoid  embrittlement.  McEowen  and 
ElseaUl  recently  emphasized  that  in  any  cathodic  protection  system  that  is  commercially  feasible,  the  cathodic 
potential  will  usually  be  such  that  some  atomic  hydrogen  is  deposited  on  the  surface  of  the  steel  cathode.  This  may 
cause  loss  in  ductility  in  low  to  medium  strength  structural  steels,  or  produce  defects  such  as  internal  bursts,  fish 
eyes,  shatter  cracks  and  blisters.  When  hydrogen  enters  high  strength  steel  parts  that  are  under  a  sustained  tensile 
stress,  hydrogen  stress  cracking  may  occur  also.  McEowen  and  Elsea  considered  gas  transmission  pipe  lines  to  be 
subjected  to  most  of  the  conditions  necessary  to  produce  hydrogen  embrittlement.  The  steel  pipe  is  under  a 
sustained  tensile  stress  in  the  circumferential  direction  as  a  result  of  the  internal  gas  pressure  and  hydrogen  is 
continually  deposited  on  the  cathodically  polarized  surface.  Hydrogen  stress  cracking  has  not  been  a  problem  in  pipe 
lines  in  the  past,  primarily  because  low  strength  level  steels  have  been  employed.  However,  it  could  become  a 
problem  with  the  trend  toward  the  use  of  progressively  higher  strength  steels  in  the  manufacture  of  line  pipe.  The 
above  investigators  have  estimated  that  at  design  or  service  stresses  above  a  150  ksi  level,  hydrogen  embrittlement 
may  become  a  problem  in  cathodically  protected  line  pipes.  McEowen!  U  reported  the  occurrence  of  a  limited 
number  of  failures  on  cathodically  protected  pipe  lines  during  the  last  fifteen  years,  which  were  probably  initiated 
by  hydrogen.  According  to  estimates  of  representatives  of  gas  transmission  companies,  the  minimum  pipe  to  soil 
potential,  required  for  adequate  protection  of  coated  pipe  lines  in  most  soils  is  -0.85  volt,  but  may  exceed  -1.50  volts 
at  positions  near  the  anode.  They  generally  used  the  Cu/CuS04  half  cell  as  the  reference  electrode.  Current  densities 
at  holidays,  usually  range  from  about  3  to  tOO  mA/ft2  but  may  be  as  high  as  1000  mA/ft2  near  the  anodes. 

Bruckner  and  Miles(2]  conducted  a  laboratory  study  in  order  to  explore  the  possibility  of  inducing 
hydrogen  embrittlement  in  hot  rolled  steel  pipe  sections  subjected  to  cathodic  polarization.  They  used  three  types  of 
steel  representative  of  API*  grades  A,  B  and  M  (N-80)  with  ultimate  tensile  strengths  of  60.8,  70.6,  and  1 15.9  ksi, 
and  yield  points  of  38,  46.8,  and  89.3  ksi,  respectively.  The  cathode  under  study  was  placed  in  the  center  of  a 
cylindrical  glass  jar  along  with  the  graphite  anode  which  concentrically  surrounded  the  cathode.  Soil  was  placed  in 
the  space  between  the  electrodes  and  saturated  with  the  desired  electrolyte.  The  cathode  was  made  up  of  six  ring 
sections  cut  from  the  as  received  pipes  which  were  ground  on  the  cut  surfaces  and  assembled  on  a  steel  mandril,  as 
shown  in  Fig.  13.1. 

The  rings  assembled  on  the  mandril  were  put  under  axial  compression  by  means  of  a  bolt  and  cap 
arrangement,  thus  closing  the  gap  between  cut  and  ground  surface  and  providing  essentially  a  continuous  cathode. 
After  completion  of  the  polarization  period,  the  sections  were  disassembled  and  placed  vertically  in  a  jig  contained 
in  a  metal  box  filled  with  a  dry  Ice-acetone  mixture.  At  a  temperature  of  -50  C,  a  load  was  slowly  applied  at  a 
predetermined  rate  to  provide  plastic  deformation  In  bending  across  the  horizontal  diameter. 

The  specimens  were  exposed  for  2,  4,  and  5  months.  The  potential  affording  cathodic  protection  to  the 
steel  was  -0.85  volt  versus  the  Cu/CuS04  reference  electrode,  and  the  corresponding  cell  current  was  I  m A/ft 2.  Two 
pH  ranges  of  soil  water  were  used,  7.2  to  8.4.  and  2.5  to  3.5.  For  ovcrprotcction,  a  polarization  potential  of -1.32 
volts  was  applied  and  maintained.  A  number  of  runs  were  made  with  mill  scale  removed.  Some  runs  were  conducted 
in  solutions  with  the  lower  pH  containing  5  g  FeS  per  liter. 

The  results  indicated  that  for  steels  A  and  B,  bend  ductility  was  reduced  and  crack  formation  was 
moderately  severe,  a  behavior  related  to  the  formation  of  notches  at  the  metal  surface.  When  the  mill  scale  was 
completely  removed  by  mechanical  means,  there  was  evidence  of  hydrogen  embrittlement,  associated  with  severe 
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crack  formation  ;n  grade  A  steel.  The  presence  of  mill  scale  apparently  diminished  embrittlement  appreciably  by 
increasing  surface  resistance.  The  most  embrittling  conditions  were  noted  for  exposure  at  -0.8  volt  in  the  low  pH  soil 
water  containing  FeS.  Even  with  the  mill  scale  present,  excessive  overprotection  makes  embrittlement  worse  under 
all  conditions.  Bruckner  and  Miles  (21  state  that  the  conditions  of  low  and  high  sulfide  concentration  could  be 
present  in  marsh  soil,  i.e.  result  of  wetting  with  brackish  water,  or  by  the  presence  of  sulfate  reducing  bacteria. 
According  to  the  experimental  data  such  conditions  would  practically  assure  embrittlement  by  hydrogen  of 
numerous  types  of  cathodically  protected  steels,  including  A  and  B  steels. 

Type  M  steel  maintained  a  high  embrittlement  resistance,  when  closed  tube  sections  internally  stressed  to 
near  the  yield  point,  were  exposed  under  conditions  of  excessive  cathodic  protection.  These  conditions  are 
considered  to  be  very  severe. 


Fig.  13. 1  -  Schematic  of  assembly  used  in  laboratory  studies  for  hydrogen  embrittlement  in  hot  rolled  steel  pipe 

sections  subjected  to  cathodic  polarization. 

The  possibility  of  producing  hydrogen  embrittlement  in  high  strength  ship  hull  steels,  under  cathodic 
protection,  was  discussed  by  Geld  and  AcamporaP],  These  steels  are  used  extensively  for  submarines  and  deep 
diving  vehicles,  Based  on  experimental  evidence,  they  conclude  that  dangerous  conditions  may  be  produced  at 
breaks  in  paint  coatings  or  dielectric  shields  covering  the  anodes  and,  as  a  result,  high  local  current  densities  may  be 
generated,  particularly  when  relatively  high  protective  currents  are  applied. 

Hudson  et.  all^l  consider  the  electrochemical  device  used  for  measuring  hydrogon  permeation  through  iron 
membranes  (Chapter  ,1),  a  suitable  model  for  reproducing  the  electrolytic  conditions  prevailing  on  the  outside 
surface  of  burled  pipe,  subjected  to  cathodic  polarization.  They  polarized  steel  at  the  hydrogen  entrance  side 
gulvanostatically.  The  polarization  potcntla1  was  maintained  at  -1.3  to  -1.4  volts  vs  Hg/HgSC>4  electrode,  which 
corresponds  to  a  potential  of -1.0  to  -I. I  volts  vs  the  Cu/CuS04  scale.  This  is  close  to  the  minimum  potential  of 
•0.85  volt  vs  CU/C11SO4  electrode  maintained  in  cathodic  protection  systems.  In  the  pH  range  from  4  to  the 
quantity  of  hydrogen  permeating  the  steel  membrane  increased  with  cathodic  polarization.  Concentrations  of  total 
sulfide  greater  than  0.02  ppm  (NaiS  added  to  NU2SO4  solution),  increased  the  quantity  of  generated  hydrogen. 
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CHAPTER  14 

CHEMICAL  PROCESSING 


14.1  SOME  PARAMETERS  CONTROLLING  PICKLING  EMBRITTLEMENT 

This  section  deals  principally  with  hydrogen  embrittlement  resulting  from  acid  and  cathodic  pickling. 
Frequently  it  is  necessary  to  pickle  steel  parts  to  remove  heavy  scale  when  mechanical  means  such  as  vapor  blasting 
cannot  be  used.  Hydrogen  is  generated  during  acid  pickling  and  may  embrittle  the  steel.  Thus,  embrittlement  is 
closely  associated  with  the  hydrogen  evolution  reaction,  which  in  turn  is  controlled  by  the  dissolution  rate  of  the 
steel  exposed  to  a  specific  acid.  The  dissolution  rate  depends  ori  the  hydrogen  ion  concentration,  the  temperature 
and  the  characteristics  of  the  steel.  (The  mechanism  of  hydrogen  embrittlement  control  by  pickling  inhibitors  is 
discussed  in  Chapter  18.) 

Zapffet  1 1  et  al.  comprehensively  studied  the  embrittlement  of  low  carbon  and  stainless  steel  wires  exposed 
to  different  acids.  The  test  specimens  were  annealed,  annealed  cold-drawn,  hardened,  or  in  hardened  cold-drawn 
conditions.  They  were  pickled  by  immersion  in  10  per  cent  H2SO4,  and  50  per  cent  by  volume  HC1 , 4N  H3PO4  and 
CH3  COOH  for  increasing  times  up  to  1 20  minutes.  Bend  angle  measurements  were  made  with  the  bend  testing 
machine  described  previously  in  Chapter  1 . 

Cathodic  pickling  runs  were  made  in  2.5N  NaOH  solution,  generally  at  1 22  F  using  1  A/in-  current  density. 
The  susceptibility  of  any  type  of  cathodicaliy  pickled  steel  tested,  increases  in  the  following  sequence: 

•  Annealed 

•  Annealed,  cold-drawn 

•  Hardened 

•  Hardened,  cold -drawn 

Stainless  steels  with  martensitic  structure  were  found  to  be  the  most  sensitive  to  hydrogen  embrittlement. 
It  was  observed  also  that  increasing  the  carbon  content  increases  the  susceptibility  of  any  type  of  hardened  steel. 
Annealed  AIS1  410  and  431  stainless  steels  resist  embrittlement  even  when  in  the  cold  drawn  condition.  In  general, 
stainless  stools  are  less  susceptible  to  acid  pickling  than  they  arc  to  cathodic  ptckling.  AIS1  410  stainless  is  not 
susceptible  in  any  condition.  This  is  true  also  for  A1SI  1060,  1090.  and  431  steels  in  phosphoric  and  acetic  acids. 
However,  431  steel  in  the  hardened  and  cold  drawn  condition,  is  embrittled  in  dilute  sulfuric  or  hydrochloric  acid. 
Types  440-C  stainless  and  1020  mild  steels  behave  similarly  to  431  steel  (440-C  contained  17.08%  Cr,  0.52%  Mo  and 
1.08%  C). 

The  effect  of  cathodic  pickling  or  aeid  pickling  time  on  the  embrittlement  of  A1SI  1020,  is  illustrated  in 
Figs.  14.1  and  14.2(21 .  The  similarity  in  the  trends,  the  marked  decrease  m  bend  ductility  of  the  two  curves  for  the 
1020  steel  is  striking.  The  marked  differences  in  the  rale  of  decrease  m  ductility  arc  due  to  the  differences  in  the 
mechanisms  of  the  hydrogen  evolution  reaction. 

Results  of  studies  by  Zupffe  and  Hasiem  on  the  dependency  of  ductility  on  the  concentration  of  various 
acids  are  pictured  In  Figs.  14.3  and  14.4,  Analysis  of  these  curves,  revealing  rather  unusual  trends,  may  be  based  on 
the  theory  of  the  electrolytic  dissociation  of  strong  and  weak  acidsPl . 

According  to  this  theory  the  hydrogen  ion  (hydronlum  Ion)  concentration  for  strong  adds,  such  as  sulfuric 
und  hydrochloric,  increases  in  dilute  aqueous  solutions  because  of  their  nearly  complete  dissociation  into  ions. 
(Strong  and  weak  refer  to  the  degree  of  ionization.  Dilute  and  concentrated  refer  to  relative  concentrations).  This 
explains  why  in  a  concentration  range  up  to  about  0  IN  the  bend  ductility  falls  rapidly  (Fig.  14.3).  However,  lucre  b 
a  limiting  concentration,  above  which  the  dissociation  increases  only  slightly.  Tills  is  rtf  fleeted  in  the  fact  that  in  the 
concentration  range  from  0.IN  to  about  10N,  ductility  decreases  only  slightly.  However,  when  the  acid 
concentration  exceeds  I  ON,  the  hydrogen  ion  concentration  rapidly  decreases,  and  relatively  high  values  of  due  Jity 
are  measured.  It  is  evident  from  the  data  that  a  very  large  increase  of  the  concentration  of  a  strong  pickling  acid  docs 
not  increase  but  decreases  pickling  effectiveness. 
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Fig.  14.1  -Effect  of  cathodic  pickling  on  bend  ductility  Fig.  14.2  -  Effect  of  time  of  acid  pickling  (3.7N  H2SO4J 


of  steel  wires  (2.5N  NaOH,  lA/irfi  at  122  F). 


on  bend  ductility  of  cold  drawn  steel  wire. 


Fig.  14.3  -  Effect  of  concentration  of  strong  acids  on 
bend  ductility  of  cold  drawn  steel  wire. 


Fig.  14.4  -  Effect  of  concentration  of  a  weak  acid  on 
bend  ductility  of  cold  drawn  steel  wire. 


On  the  other  hand,  relatively  weak  acids  dissociate  slightly  and,  thus,  there  are  insufficient  ions  present  to 
Initiate  the  hydrogen  evolution  reaction  until  the  acid  concentration  exceeds  a  limiting  value  (about  0.1  N  for 
H3PO4).  From  this  limiting  value  up  to  a  IN  concentration  the  bend  angle  rapidly  decreases  as  can  be  seen  in  Fig. 
14.4.  For  H3PO4,  a  weak  acid,  the  concentration  range  where  the  effect  on  bend  angle  becomes  very  slight  is 
between  I  and  ION,  whereas  for  strong  acids  the  range  begins  at  a  concentration  as  low  as  O.IN.  Also  the  rapid 
increase  In  ductility  in  strong  acids  in  concentrations  from  10  to  15N  (Fig.  14.3)  does  not  occur  in  the  weak  acid 
(Fig,  14.4). 
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Another  important  variable  is  the  temperature  as  can  be  seen  in  Fig.  14.5.  Embrittlement  increases  rapidly 
with  increasing  temperature  up  to  about  100  F  during  sulfuric  acid  pickling.  However,  for  temperatures  above  100 
F,  embrittlement  increases  only  very  slightly  with  temperature.  This  is  explained  by  the  fact  that  in  the  temperature 
range  between  about  100  F  and  180  F,  there  is  practically  an  equilibrium  state  between  hydrogen  atoms  diffusing 
into  the  metal  to  those  diffusing  out. 

It  has  been  emphasized  that  the  presence  of  inclusions,  particularly  sulfide  [4],  increases  hydrogen 
absorption  and  hence  pickling  embrittlement.  Grain  size  may  also  effect  hydrogen  absorption  [5] . 

Groenevelt  et  al.[6j  reviewed  the  literature  dealing  with  pickling  and  cleaning  procedures  as  sources  of 
hydrogen  embrittlement.  This  review  provides  a  valuable  reference  on  these  procedures. 

14.2  CHEMICAL  MILLING  AND  HYDROGEN  EMBRITTLEMENT 

This  problem  was  studied  hy  Convair  Astronautics!?!,  using  a  free  end-loaded  bend  test  performed  at  a 
variety  of  bending  speeds.  The  milled  surface  was  made  the  tension  side  during  testing.  Longitudinal  test  specimens 
were  fabricated  from  AISI  4340  steel  test  coupons,  and  heat  treated  to  a  hardness  of  R<;  52.  The  slender  column 
specimens  loaded  in  compression,  were  described  in  detail  in  Chapter  1 . 

The  chemical  milling  was  performed  in  the  laboratory  using  baths  similar  to  those  employed  commercially. 

The  AISI  4340  steel  was  milled  in  the  bath  given  below  at  a  temperature  of  140  F. 

Chemical  Milling  Bath 

HC1  -  15  volume  per  cent 
HNO3  -  1 7  volume  per  cent 
H3PO4  -31  volume  per  cent 
H2O  —  37  volume  per  cent 
Fe  -  4g/litcr 

The  milling  rate  at  this  temperature  was  about  1  mil/min.  However,  there  was  a  small  change  in  this  rate 
depending  on  loading  of  the  bath.  The  bath  was  replaced  with  a  new  solution  when  the  milling  rate  decreased  by  a 
factur  of  10  per  cent.  The  bend  test  samples  were  chemically  milled  on  one  side  only.  Sheet  materials,  0.050  gage 
and  0.060  gage,  were  milled  to  0.040  gage.  Immersion  time  in  the  milling  bath  was  about  10  minutes  for  the  removal 
of  10  mils  of  metal  and  25  minutes  for  20  mils  of  metal.  The  average  values  of  the  bend  ductility  of  the  steel,  tested 
immediately  after  milling,  as  a  function  of  testing  speed  are  shown  in  Fig.  14.6. 


Fig.  14.5  -  Effect  of  temperature  of  pickling  acid  on  bend  Fig.  14.6  -  Dependency  of  the  bend  ductility  on  the 
ductility  of  cold  drawn  steel  wire  (IN  H2SO4  -  15  min.).  rate  of  bending  (decrease  In  height).  Longitudinal 

slender  column  specimens.  AISI  4340  steel,  Rc52, 
milling  temperature  140  F. 

The  removal  of  10  and  20  mlis  of  metal  resulted  in  hydrogen  embrittlement  of  the  steel.  As  might  be 
expected,  more  severe  embrittlement  was  found  in  samples  that  were  in  the  chemical  milling  bath  the  longer  time. 
The  effect  of  testing  speed  on  bend  ductility  is  somewhat  unusual.  Generally,  hydrogen  embrittlement  in  steels 
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shows  up  more  readily  at  low  rates  of  bending.  However,  the  opposite  appears  to  be  true  in  this  study  and  is 
especially  seen  where  20  mils  of  metal  were  removed.  Embrittlement  is  severe  at  the  higher  rates  of  bending,  but 
tends  to  decrease  at  the  lower  ones.  This  may  be  explained  by  the  high  diffusion  rate  of  hydrogen  in  steel  at  ambient 
temperature.  It  seems  entirely  possible  that  the  disappearance  of  hydrogen  embrittlement  at  the  slow  testing  speeds 
is  simply  related  to  the  loss  of  hydrogen  by  diffusion  from  the  steel  during  the  longer  times  required  for  the  test. 

They  concluded  from  their  study  that  it  appears  that  a  delay  period  longer  than  8  hours,  but  shorter  than 
33  hours  is  required  for  complete  restoration  of  bend  ductility.  It  is  possible  that  the  strain  gradient  established  in 
the  bend  specimen  during  testing  promotes  the  diffusion  of  hydrogen  out  of  the  steel  and,  if  this  is  true,  longer  delay 
periods,  or  elevated  temperature  recovery  treatments  may  be  required  to  completely  eliminate  hydrogen 
embrittlement  in  unstressed  specimens.  As  a  consequence  of  these  findings,  it  has  been  clearly  established  that 
hydrogen  diffuses  out  of  the  milled  bend  samples  during  the  test.  In  addition,  the  use  of  the  free  end  loaded  bend 
test  to  detect  hydrogen  embrittlement  in  chemically  milled  AISI  4340  steel  sheet  has  been  established  and  is 
considered  to  be  more  reliable  than  other  types  of  bend  tests  employed  to  date  l?] .  Less  embrittlement  is  produced 
in  AISI  4340  steel  from  chemical  milling  than  from  cadmium  plating,  as  would  be  expected.  Consequently, 
embrittlement  is  more  easily  removed  from  chemically  milled  material.  Another  factor  is  the  absence  of  the  barrier 
action  of  the  cadmium  plate. 

Hydrogen  embrittlement  produced  by  chemical  milling  of  H-l  1  steel  was  studied  by  Ketcham  at  the  Naval 
Air  Development  Center^].  For  tliis  work,  a  transverse,  double  edge  notched  flat  specimen  was  designed  with  a 
notch  that  could  be  milled  from  a  radius  of  0.030  to  0.050  in.  Three  heats  were  included  in  the  study  of  the  steel 
with  strength  levels  ranging  from  270  to  290  ksi.  The  chemical  milling  procedure  is  presented  in  the  following  table. 

TABLE  1 4.1 

CHEMICAL-MILLING  PROCEDURE 

•  Vapor  hone 

•  Chem-mlU  in  a  bath  composed  of  H2SO4  +  HNO3,  Temp.  140  F. 

•  Scrub  to  remove  smut 

«  Water  rinse 

Specimens,  which  did  not  fail  after  500  hours  under  a  sustained  load  of  85  per  cent  of  the  notch  tensile 

strength,  were  considered  to  have  a  stress  rupture  life  of  infinite  length. 

The  results  may  be  summarized  as  follows:  The  bath  used  lor  chemical  milling  in  this  study  produces 
hydrogen  embrittlement,  however,  complete  recovery  takes  place  at  room  temperature  within  one  week,  or  by 
storage  for  48  hours  at  room  temperature  followed  by  baking  at  357  F  for  4  hours.  The  results  of  the  sustained  load 
delayed  failure  tests  are  in  good  agreement  with  the  bend  tests  performed  by  Convair  Astronautics. 

14.3  PAINT  REMOVERS  AND  CLEANING  COMPOUNDS 

As  has  been  stressed  by  a  number  of  investigators,  hydrogen  embrittlement  induced  by  acid  pickling 
processes,  chemical  milling  and  phosphutizing  has  been  a  recognized  problem  for  some  time.  Jankowsky  and  his 
colleagues^]  at  the  Naval  Air  Development  Center,  however,  have  rightly  emphasized  (1964)  that  until  fairly 
recently  little  thought  was  given  to  the  possibility  that  hydrogen  embrittlement  might  also  be  produced  by  paint 
remover  and  cleaning  materials  that  inadvertently  come  in  contact  with  high  strcngtii  steel  parts.  Tills  situation  could 
occur  during  routine  overhaul  and  repair  procedures  normally  considered  safe  from  this  problem. 

A  comprehensive  study  was  made  using  the  notched  C-ring  test  procedure.  These  Investigators  used  AISI 
4340  steel  heat  treated  to  the  230  ksi  strength  level  and  In  most  experiments,  the  ring  was  prestressed  to  75  per  cent 
of  its  breaking  strcngtii.  Tire  geometric  stress  concentration  factor  of  the  shallow  notch  was  about  K^.  Test  stresses 
of  this  magnitude  have  been  generally  accepted  as  realistic  for  hydrogen  embrittlement  testing  by  aircraft  companies 
and  government  agencies. 

Two  different  types  of  exposure  tests  were  jwrformed.  In  one  test  the  ring  was  kept  totally  immersed  in  the 
paint  remover  or  cleaning  solution,  while  in  the  other  test,  the  ring  was  dipped  into  the  solution  and  then  left  in  the 
air  for  the  test  period  or  until  fracture  occurcd.  The  first  of  the  above  test  conditions  (total  immersion)  represents 
situations  which  could  exist  if  cleaning  materials  were  trapped  in  a  pocket  which  could  not  easily  be  rinsed  out,  and 
would  represent  a  very  unfavorable  condition. 
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The  purpose  of  the  “dipping”  test  was  to  find  out  what  might  happen  if  the  maintenance  compound  used 
on  the  steel  was  not  properly  rinsed  away.  This  condition  (dipping)  is  more  likely  to  occur  than  that  for  total 
immersion.  It  must  also  be  realized  that  it  is  quite  possible  for  cleaning  or  paint  stripping  materials  to  be  trapped  in 
pockets  (representative  of  the  total  immersion  test),  if  inadequate  masking  is  employed.  A  200  hour  life  time  was 
considered  indicative  that  the  specimens  would  not  fail. 

Dip  tests  were  performed  only  on  materials  that  failed  the  total  immersion  test  as  described  above.  Some 
representative  results  are  compiled  in  Table  14.2. 

The  results  clearly  indicate  that  in  the  case  of  the  highly  acidic  stripper  S,  the  stress  rupture  life  is  negligibly 
short.  All  of  the  tested  stripper  materials,  when  used  on  cadmium  plated  rings  are  considered  potentially  dangerous. 
Only  stripper  H  may  be  considered  harmless  on  unplated  rings.  Hydrogen  cracking  induced  by  cadmium  pitting 
generally  decreases  markedly  the  failure  time  in  alkaline  paint  stripper  solutions.  This  was  tentatively  explained  by 
the  formation  of  embrittling  cathodic  hydrogen  in  the  galvanic  couple  Fe/Cd.  However,  generation  of  hydrogen  by 
chemical  reaction  of  the  complex  stripping  system  with  cadmium  is  also  possible  [10]  *. 

Useful  information  about  the  crack  inducing  mechanism  in  stripper  solutions  might  have  been  obtained  by 
pH  measurements  at  the  end  of  the  exposure  period  along  with  exposure  experiments  with  cadmium  plated  rings  in 
pure  alkaline  solutions. 

Based  on  his  results  Janowsky  concluded  that  great  care  must  be  exercised  in  masking  high  strength  steel 
parts  on  which  paint  strippers  may  drip,  and  that  all  cleaning  and  paint  stripping  materials  should  be  rinsed  off  as 
soon  as  possible  after  use.  He  recommended  that  all  materials  that  cause  failure  of  cadmium  plated  notched  C*rings, 
be  prohibited  for  use  on  naval  aircraft  in  any  application  where  there  is  any  possibility  of  these  materials  coming  in 
contact  with  high  strength  steel  parts. 

•The  mechanism  is  under  further  investigation  at  the  Naval  Air  Development  Center. 

TABLE  14.2 

STRESS  RUPTURE  LIFE  OF  NOTCHED  C-RINGS  EXPOSED  TO  DIFFERENT  PAINT 
REMOVERS.  AISI 4340  STEEL  (230  ksi),  PRESTRESSED  TO  75 %  OF  THE  BREAKING  STRENGTH, 
Kr-4.2.  RESULTS  OBTAINED  ON  TWO  STATISTICALLY  REPRESENTATIVE  SPECIMENS. 
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14.4  EMBRITTLEMENT  OF  HIGH  STRENGTH  STEELS  BY  PRETREATMENT  WITH  ETCHING 
PRIMERS 

Recently  Andrew  and  Spencer-Timmst  1 1  ]  have  given  rather  convincing  evidence  that  hardened  17-Cr  steel 
is  embrittled  when  treated  with  certain  types  of  etching  primers.  These  primers  are  used  to  improve  the  adhesion  of 
subsequently  applied  paint  coatings.  An  etching  primer  generally  consists  of  a  resin  (epoxy  or  polyvinyl  butyrate), 
an  acid  constituent,  and  a  solvent.  It  is  applied  by  dipping,  brushing,  or  spraying,  and  air  drying  for  1  hour  at  room 
temperature.  The  primer  used  had  an  acid  component  of  3.5  per  cent  ortho-phosphoric  acid.  So  called  two-pack 
primers  were  also  studied,  and  in  contrast  to  the  above  single  pack  primers,  are  chromate  pigmented. 

Slow  bend  tests  were  performed  on  steels  with  an  UTS  of  280-300  ksi.  The  rate  of  bending  was  l80°/min. 
over  a  0.5  in.  diameter  mandril.  The  specimen  was  4  x  2  x  16  in.  Results  indicate  that  there  was  embrittlement; 
however,  ductility  was  completely  restored  by  baking  for  l  hour  at  100  C. 

14.5  PHOSPHATIZING 

Phosphate  coatings  are  used  to  prevent  corrosion  of  iron  surfaces.  Phosphatizing  consists  of  chemically 
treating  steel  with  a  dilute  acid  phosphate  solution,  to  produce  an  insoluble  crystalline  phosphate  conversion  coating 
on  the  surface. 

An  important  application  of  this  coating  is  for  steel  springs!  12)  and  bolts,  which  are  subsequently  coated 
with  an  oil  or  paint  film.  If  springs  are  stressed  immediately  after  coating,  or  contain  high  residual  stresses,  they  may 
fail  in  a  delayed  fashion  as  a  result  of  hydrogen  pick-up  during  phosphatizing. 

Phosphatizing  baths  used  for  producing  manganese  or  zinc  base  coatings  (M I L-P-  ( 6232  C)  have  been  found 
to  be  particularly  embrittling,  because  they  contain  free  acid.  Another  contributing  factor  is  that  the  coatings  are 
frequently  post  treated  in  hot  chromic  acid.  The  free  acid  content  of  manganese  phosphatizing  solutions  exceeds 
that  of  the  zinc  phosphatizing  solutions. 

Bessey  and  Hawthorne!^}  of  Springfield  Armory  determined  the  tensile  ductility  of  AISJ  1060  steel  heat 
treated  to  average  hardness  levels  of  R<;  48  and  55.  The  specimens  were  grit  blasted  prior  to  processing,  and 
manganese  or  zinc  phosphatized.  Tension  tests  made  at  a  crosshead  speed  of  0.081  in./min  showed  a  definite 
decrease  in  ductility. 

Aging  and  baking  methods  have  been  suggested  for  relieving  hydrogen  embrittlement.  Zinc  phosphatized 
specimens  were  aged  for  54  hours  at  room  temperature,  or  heated  for  15  minutes  at  200  F,  while  manganese 
phosphatized  specimens  were  aged  for  60  minutes  at  the  same  temperature.  However,  according  to  Bessey  el  el, 
these  treatments  did  not  provide  a  satisfactory  increase  in  the  tensile  ductility  at  cither  of  the  two  hardness  levels 
mentioned  above. 

Wolffl  14|  0f  Bock  Island  Arsenal  worked  with  two  typer,  of  steel,  AISI  1045  and  1005.  Specimens  were 
notched  cylindrical  tensile  bars  heat  treated  to  a  hardness  level  of  Rc  50.  Sustained  load  tests  were  performed  on 
specimens  stressed  to  75  per  cent  of  the  untreated  NTS.  A  life  lime  of  200  hours  was  considered  to  he  indicative  of 
no  damage.  All  runs  were  made  with  zinc  phosphatized  specimens.  Fifty  per  cent  were  abrasive  grit  blasted  prior  to 
phosphatizing.  An  8  hour  baking  time  at  210  F  was  found  inadequate  for  embrittlement  relief  of  the  I0l)5  steel, 
except  where  the  surface  had  been  abrasive  grit  blasted.  For  an  unblasted  1045  steel  surface,  a  baking  time  as  long  as 
24  hours  did  not  provide  satisfactory  embrittlement  relief.  However,  a  48  hour  bake  at  210  F  was  effective.  Air 
aging  for  120  hours  was  not  adequate  for  relief  of  the  steels.  Wolff  considered  that  blasting  pretreatment  produced 
beneficial  effects  by  introducing  compressive  stresses  into  the  surlace.  and  by  increasing  the  surface  area,  winch 
facilitates  rapid  release  of  the  adsorbed  hydrogen.  The  favorable  results  with  the  grit  blasted  surfaces  confirm  those 
obtained  by  Bessey  ct  at. 

Austin,  Chek  and  Lurie!  '5 1  studied  the  hydrogen  embrittlement  problem  in  phosphatized  AI.SI  4340  and 
1095  steels  heat  treated  to  various  strength  levels.  Notched  tension  specimens  were  loaded  to  KO  per  cent  of  the  NIK 
In  stressing  ring  fixtures  (Chapter  I ).  Bars  with  at  least  UXX)  hours  life  tune  were  considered  to  be  unembrittlcd.  A 
manganese  phosphatizing  bath  (Ml L-P- 1 623 2C)  was  used  with  the  composition  limits  of  0.20  to  OJSTf  Fc  and  a  tree 
acid  to  total  acid  ratio  of  1:53  to  1:60  as  recommended  by  the  phosphate  coating  manufacturers.  Their  results  are 
portrayed  in  Figures  14.7,  and  14.8. 

Figure  14.7  shows  that  for  the  highest  hardness  levels  of  Rt  52-5n.  a  6  hour  baking  lime  is  satisfactory.  Fig. 
14.8  shows  that  1 28  hours  of  room  temperature  aging  is  sufficient  for  successfully  relieving  hydrogen  embrittlement. 

Austin  ci  al.  emphasized  that  specimens  which  were  coated  in  baths  maintained  within  the  standard 
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Baking  relief  true, now*  Ag.ng  time.hows 


Fig  14.7  -  Effect  of  Ming  times  at  210  F  on  Fig.  14.8  -  Effect  of  room  temperature  aging  on 

relief  of  hydrogen  embrittlement  in  phosphate  hydrogen  embrittlement  of  phosphatieed 

coated  (type  Mi  L-P- 16232)  specimens.  AtSI  4340  (Type  M,  MIL-P-16232)  steel.  AlSi  4340  notched 

steel  notched  specimens,  Rc  52-56.  Load  specimens,  Rc  52-56.  Load  sustained  for 

sustained  for  1000  hours  indicates  complete  relief.  1000  hours  indicates  complete  relief. 

composition  limits,  recommended  by  coating  manufacturers,  could  be  consistently  relieved  of  embrittlement  by 
baking  for  6  to  8  hours  at  2 10  F. 

Although  6  hours  is  the  minimum  baking  time  required  to  obtain  satisfactory  embrittlement  relief,  an  8 
hour  baking  time  is  recommended  for  greater  assurance.  Specimens  coaled  in  baths  which  were  not  within  the 
standard  composition  limits,  exhibited  variable  stress  rupture  life  results  for  both  6  and  8-hour  baking  relief 
treatments  (compare  Figs.  14.7  and  14.0).  This  fact  might  explain  the  discrepancy  in  »hc  effectiveness  of  baking 
Ume  and  air  aging,  respectively,  between  the  results  obtained  by  Wolff  and  Austin. 

Weinberg  and  CapeltoU^I  performed  sustained  load  notched  tension  tests  on  steel  wills  a  hardness  of 
52-S3  stressed  to  90  per  cent  NTS.  They  conct’jdcd  that  xinv  or  manganese  phosphalbed  test  bars  baked  ai  220  F 
for  60  minutes  were  completely  relieved  of  embrittlement  Apparently,  more  work  is  required  for  elucidation 
of  tire  inconsistencies  in  the  results  of  the  embrittlement  relief  treatments. 
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CHAPTER  15 


PLATING  EMBRITTLEMENT 


In  the  preceeding  chapters,  reference  was  made  quite  frequently  to  plating  embrittlement;  however,  a 
systematic  discussion  of  hydrogen  embrittlement,  brought  about  by  plating  high  strength  steels  with  different  metals 
and  alloys,  was  not  presented.  This  chapter  was  written  to  fill  this  gap.  The  problem  of  notch  plating  is  also 
included,  because  of  its  importance  with  embrittlement  and  embrittlement  testing. 

15.1  PLATING  EMBRITTLEMENT  RESULTING  FROM  PLATING  DIFFERENT  METALS  AND 
ALLOYS 

15.1.1  PLATING  CADMIUM  FROM  THE  CYANIDE  AND  FLUOBORATE  BATHS 

The  corrosion  protection  of  low  alloy  steels  used  in  aircraft  construction  is  most  efficiently  accomplished 
with  cadmium  plating.  Thin  adherent  coatings  of  cadmium  provide  excellent  galvanic  protection  and  are  not 
susceptible  to  cracking,  peeling  or  chipping.  For  these  reasons,  cadmium  electrodeposits  have  become  virtually 
indispensable  in  the  aircraft  industries.  Cadmium  plating  from  the  alkaline  cyanide  bath  has  been  and  is  the  chief 
method  of  applying  this  metal  electrolytically.  The  bath  is  easy  to  controi,  has  excellent  throwing  power  and 
produces  bright  uniform  coatings  ovm  wide  operating  ranges.  The  plating  efficiency  is  usually  only  slightly  above  85 
per  cent,  and  as  a  result  produces  excessive  hydrogen  evolution  at  the  surface  of  the  part  being  plated.  Whereas,  the 
acid  fluoborate  bath  operates  at  approximately  100  per  cent  plating  efficiency  with  minimal  production  of 
hydrogen. 

One  of  the  first  investigators  who  studied  embrittlement  of  high  strength  steel  brought  about  by  cyanide 
plating  was  ZapffeU),  who  performed  bend  tests  on  cadmium  plated  specimens  by  means  of  the  test  procedure 
described  previously  in  Chapter  1.  He  found  a  high  degree  of  embrittlement  in  specimens  plated  in  three  slightly 
different  types  of  cyanide  cadmium  plating  baths.  His  findings  were  in  agreement  with  results  published  previously 
by  Fischer  and  BarmannP) ,  The  strongly  embrittling  effect  of  cyanide  cadmium  plating  is  vividly  depicted  in  Fig. 

15.1  which  shows  the  increased  embrittlement  susceptibility  by  prestressing  as  compared  with  that  determined  alter 
plating  on  poststressed  samples.  These  results  demonstrate  the  necessity  of  relieving  residual  tensile  stresses  in  high 
strength  steel  parts  which  are  to  be  subjected  to  hydrogen  producing  processes. 


Fig.  15. 1  -  Effect  of  prestressing  (30  min  prior  to  plating)  and  poststressing  15  min  after  plating)  of  Cring  specimens 
(AISI 4340 steel,  Y.S.-235  ksl)  on  time  to  cracking.  Specimens  plated  from  a  cadmium  cyanide  bath. 
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Pertinent  results  of  embrittlement  measurements  on  cyanide  and  fluoborate  plated  high  strength  steel  speci¬ 
mens  will  be  presented  in  one  of  the  following  sections  where  comparisons  will  be  made  with  chromium  plating.  The 
embrittlement  behavior  of  high  strength  steels,  plated  from  rather  exotic  cadmium  baths  formulated  specifically  to 
minimize  embrittlement,  will  be  discussed  in  the  chapter  dealing  with  modified  cadmium  plating  baths. 

1 5 . 1 .2  ZINC  AND  COPPER  PLATING 

Results  obtained  by  Zapffe  and  Fischer  indicate  that  the  acidic  zinc  and  copper  plating  solutions  are  much 
less  embrittling  than  those  containing  cyanide  compounds[l-3].  Beck  and  Janowskym  found  that  the  embrittling 
effect  of  pyrophosphate  copper  coating  on  steel  is  comparatively  low. 

15.1 .3  NICKEL  AND  SILVER  PLATING 

Experimental  work  with  notched  high  strength  steel  specimens  (UTS  260  -  280  ksi)  showed  that  plating 
nickel  from  the  Watts  bath  produces  only  moderate  embrittlement.  The  degree  of  embrittlement  from  plating  is  less 
than  that  from  the  Watts  bathH.5] . 

Data  pertaining  to  hydrogen  stress  cracking  induced  by  silver  plating  from  the  classical  cyanide  bath  is  of 
interest,  since  this  type  of  plating  is  often  used  for  bearing  surfaces  and  parts  which  have  application  as  electrical 
connectors.  McDonnell  Aircraft  [6]  and  other  investigators [2]  performed  delayed  failure  tests  on  silver  plated 
notched  AISI 4340  steel  specimens. 

The  high  degree  of  embrittlement  by  cyanide  silver  plating  for  steel  substrates  with  strength  levels  from 
~ 200-280  ksi  is  portrayed  in  Figure  15.2. 

Intense  baking  of  specimens  with  tensile  strengths  exceeding  200  ksi,  does  not  restore  the  ni  tched  tensile 
strength  of  the  unplated  material  completely.  Despite  the  fact  that  this  classical  bath  works  with  pracu  sally  100  per 
cent  plating  efficiency,  the  embrittlement  by  silver  plating  is  essentially  the  same  as  that  generated  by  plating  any 
other  metal  from  cyanide  baths  with  lower  efficiencies. 

15.1.4  TINPLATING 

Tin  is  plated  from  the  stannate  b3th  at  a  temperature  of  about  140  F.  Results  obtained  by  Beck  and 
Jankowsky  ($1  with  prestressed  C-ring  specimens  piated  to  an  average  thickness  of  0.0005  in.,  showed  that  tin 
plating  is  strongly  embrittling. 

180-  220-  260- 
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only  only  boke  bokb 


Fig.  15.2  -  Delayed  fracture  times  for  unplated,  pitted  aitd  pitted  baked  A l$f  4340  steel  specimens  f 180-230  ksi). 
Specimens  were  plated  with  silver  from  the  cyanide  bath  { thickness  range  0.0006  to  0.00 10  in.)  and  stressed  to 
75  per  cent  of  NTS  of  the  unpleted  tension  bar.  Baking  temperature  375  F. 


An  instructive  failure  analysis,  dealing  with  tin-plating,  was  performed  by  Lockheed  V 1.  The  problem 
concerned  cracking  observed  on  turboprop  engine  mount  attachment  bolts  after  6  I  /4  hours  of  engine  run-up  and  a 
flight  time  of  only  3/4  hour.  The  bolts  had  been  heat  treated  to  the  required  strength  level  (180-210  ksi)  and  the 
material  had  perfect  metallurgical  integrity.  The  plating  thickness  on  the  head-to-shank-fillet  was  0.001  in.  which  is 
much  thicker  than  that  normally  plated.  These  bolts  were  baked  for  only  3  hours,  which  is  definitely  considered  to 
be  an  insufficient  time  to  completely  restore  them  to  their  preplatcd  ductility.  Based  on  these  facts  the  cracking 
shown  in  Fig’s.  15.3  and  15.4  is  considered  to  be  related  to  hydrogen  embrittlement. 


Fig.  15.3  -  Close-up  views  of  magnafiux  indications, 
showing  location  and  extent  of  brittle  failure  in  the 
head  of  turboprop  engirte  mount  attachment  bolt 
(210  ksi  I  which  had  been  incompletely  baked  after 
having  been  tin  plated  to  a  thickness  tint  I'm  much 
greater  than  that  normally  used. 


Fig.  15.4  -  Enlarged  view  of  fracture  surface  depicted 
in  Fig .  15.3,  indicating  probability  that  failure 
originated  in  the  fillet  under  the  bolt  head. 


154.5  CHROMIUM  PLATING 

The  excellent  wear  resistance  and  high  hardness  of  chromium  plating  make  it  almost  irreplaceable  as  a  wear 
protective  coating.  It  has  been  used  extensively  for  aircraft  parts,  for  gun  barrels,  gun  parts,  and  many  other 
applications  in  which  wear  is  a  problem.  Generally  speaking,  steels  with  a  hardness  below  Rc  40  can  be  plated  with 
little  danger,  provided  they  are  embrittlement  relieved  by  proper  baking  after  plating.  For  example,  the  barrel  steel 
on  Ihc  20mm  M39,  with  a  hardness  of  Rc  32-26.  would  present  no  problem.  When  plating  parts  with  a  higher 
hardness,  such  as  the  breach  face  of  she  M39{RC  53-59).  residual  stresses  in  the  parts  combined  wtth  the  high  degree 
of  einbrittlcmcnl  induced  by  chromium  plating  con  cause  cracking  during  the  plating  operation. 

The  low  efficiency  of  the  chromium  plating  bath  in  addition  to  (he  relatively  long  plating  times,  and  the 
easy  access  of  hydrogen  to  the  metal  substrate  through  the  cracks  in  the  chromium  deposit  may  explain  io  a  certain 
degree  the  marked  embrittlement  induced  in  the  substrate.  On  ihc  other  hand,  the  cracks  facilitate  the  removal  of 
hydrogen  from  the  substrate  by  baking. 
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The  following  figures  show  a  comparison  of  delayed  fracture  behavior  of  notched  steel  specimens  plated 
with  chromium,  cyanide  cadmium,  and  fluoborate  cadmium  [8] . 


Fig.  15.5  -  Breaking  strength  of  unplated  (320  ksi)  Fig.  15.6  -  Notch  tensile  strength  of  unplated  (360  ksl) 
and  cadmium  and  chromium  plated  notched  C-rings  and  cadmium  and  chromium  plated  notched  tension 
fabricated  from  A I  SI  4340  steel  (260-280 ksi).  Plotof  specimens  fabricated  from  AISI 4340  steel  (260-280  ksi). 
applied  stress  versus  time  to  failure.  Plot  of  applied  stress  versus  time  to  failure. 

The  curves  show  that,  regardless  of  the  geometry  of  the  specimen,  the  fluoborate  plated  specimens  are 
much  less  embrittled  than  those  that  were  either  chromium  or  cyanide  cadmium  plated.  The  embrittlement  brought 
about  by  chromium  plating  is  very  severe  and  markedly  exceeds  that  of  strongly  embrittling  cyanide  cadmium 
plating. 

The  laboratory  results  with  chromium  plating  are  in  excellent  agreement  with  a  failure  analysis  of 
chromium  plated  main  landing  gear  side  stmt  bolts  conducted  by  Lockheed  |9] .  The  bolts  failed  after  a  very  short 
service  time  and  typical  failure  is  illustrated  in  Fig.  15.7. 


Fig.  15.7  -  Sectional  macrograph  shorn  cracking  in  a  main  landing  gear  side  strut  bolt  1220  ksi)  plated  with 
chromium.  Failure  after  13  hours  of  service  on  an  airplane  is  probably  Induced  by  hydrogen. 


Srofcc  ncrfcf-  ’ensile  strength  .fcsi 


The  microstructure  of  the  bolts  was  normal  for  ,  uenched  and  tempered  steel,  with  a  hardness  of 
approximately  Rc  46,  corresponding  to  a  UTS  of  approximately  220  ksi.  Failure  of  the  bolts  on  standing  under 
relatively  low  loads  rather  than  during  installation,  the  brittle  nature  of  the  fracture,  the  general  appearance  of  the 
fracture  surfaces,  and  the  metallurgical  integrity  of  the  parts,  strongly  indicate  that  hydrogen  embrittlement  was 
primarily  responsible  for  the  failures. 

15.1.6  ALLOY  PLATING 

internal  steel  components  of  aircraft  engines  have  been  protected  effectively  against  corrosion  by 
tin-cadmium  alloy  coatings  which  were  used  extensively  until  a  few  years  ago. 

Brittle  failures  were  reported  to  occur  in  tin-cadmium  plated  carburized  and  nitrided  engine  components. 
The  possibility  cannot  be  ruled  out  that  these  failures  were  initiated  by  hydrogen.  The  role  played  by  tin-cadmium 
alloy  plating  in  the  generation  of  brittle  cracks  in  high  strength  steels  was  studied  by  Beck  and  Jankowsky  [10,1 1 1 . 
The  alloy  was  produced  by  direct  plating  of  its  constituents  from  a  complex  fluoborate  bath.  Alloying  was  also 
attempted  by  thermal  interdiffusion  of  the  components,  plated  as  two  consecutive  layers  on  the  steel. 

The  results  of  delayed  failure  tests  are  pictured  in  Figs.  15.8  and  15.9.  The  figures  clearly  show  that  in  the 
case  of  a  specimen  on  which  two  metals  have  been  consecutively  deposited  forming  two  layers,  the  induction  periods 
are  almost  non-existent,  and  the  lower  critical  stress  is  excessively  low,  whereas  much  higher  values  are  obtained  for 
direct  alloy  plating.  Undesirable  embrittling  effects  obtained  with  the  duplex  layer  are  similar  to  those  resulting  from 
tin  stannate  or  cadmium  cyanide  plating  (presented  in  the  preceeding  sections).  The  favorable  effects  found  with 
fluoborate  plating  of  the  alloy,  tin,  or  cadmium  compare  favorably  with  those  reported  by  Cohen (12] . 


Fig.  1B.fi  -  NTS  of  plated  stressed  specimens.  Delayed 
failure  times  of  steel  test  bars  plated  with  stannate  tin, 
cyanide  cadmium  and  tin  followed  by  cadmium. 
Tin-cadmium  duplex  coating  contains  approximately 
50  per  cent  tin.  Unplated  specimens,  UTS  •  270  ksi, 
NTS  ■  380  ksi,  K t*4, 2. 


Fig.  15.9  -  NTS  of  plated  stressed  specimens.  Delayed 
failure  times  of  steel  test  bars  plated  with  fluoborate- 
cadmium,  fluoborate-tln  and  tin-cadmium  alloy  (latter 
by  codeposition  of  the  metals  from  complex  fluoborate 
bathj  containing  approximately  30 per  cent  tin.  NTS 
of  unplated  specimen  -  380  ksi. 


Beck  and  Jankowsky  demonstrated  by  ntclallographic  analysis  and  electron-microscopy  that  the  50  minute 
heut  treatment  at  540  F  (Fig.  1 5.8)  is  not  sufficient  to  Initiate  metallic  interdiffusion.  Hence,  only  the  simple  duplex 
coating  system  prevails  in  which  embrittlement  Is  controlled  by  the  most  agressivc  plating  component  (stannalc-tin). 
in  addition,  because  of  the  barrier  effectiveness  of  the  plated  double  layer,  the  thermal  treatment  is  not  effective  in 
removing  the  embrittling  hydrogen. 


147 


15.2  THE  PROBLEM  OF  NOTCH  PLATING  AS  RELATED  TO  EMBRITTLEMENT  AND 
EMBRITTLEMENT  TESTING 

Though  this  problem  concerns  embrittlement  testing,  it  appears  more  appropriate  to  discuss  it  in  the 
context  of  this  chapter. 

The  delayed  failure  notch  tension  test  is  important  for  evaluation  of  the  sensitivity  of  a  steel  to  hydrogen 
stress  cracking.  It  is  known  that  a  number  of  variables  affect  the  reproductibility  of  this  test,  and  therefore,  it  is 
highly  desirable  to  reduce  them  whenever  possible.  One  variable,  the  decrease  in  thickness  of  the  coating  with  notch 
depth  is  frequently  neglected  and  will  be  discussed  in  this  section. 

The  complex  conditions  prevailing  in  sharp  notches  during  cadmium  plating  were  clearly  demonstrated  by 
Geyer  et  al.(I3]  who  recorded  the  current,  passing  through  the  notch,  independently  of  the  total  plating  current 
carried  by  the  test  bar.  They  found  that  the  notch  current  fell  rapidly  to  a  fraction  of  the  total  current,  then 
decayed  exponentially  and  finally  approached  a  minimum  value.  A  50  per  cent  decrease  of  the  total  plating 
thickness  was  noted  at  the  base  of  the  notch,  but  no  difference  in  plating  efficiency  was  observed  between  gauge  and 
notch  current. 

Wagner!  14]  calculated  the  current  distribution  in  a  narrow  shallow  rectangular  slot,  filled  with  electrolyte 
and  subjected  to  cathodic  polarization.  He  showed  that  with  increasing  distance  from  the  surface,  the  current  falls 
exponentially.  This  current  drop  may  be  the  result  of  polarization  processes  or  conductivity  changes  in  the  narrow 
space  of  the  slot.  However,  to  consider  the  above  simple  slot  geometry  a  representative  model  of  a  sharp  V  notch  has 
its  limitations,  because  it  does  not  seem  permissible  to  ignore  the  effect  of  the  radius  of  the  notch  on  plating 
thickness.  Sachs! IS],  working  with  notches  having  a  depth  of  0.04  in.,  did  not  succeed  in  obtaining  a  cadmium 
plating  at  the  root,  when  the  sharpness  of  the  root  was  increased  by  reducing  the  notch  radius  to  0.001  in.  However, 
for  notches  with  low  stress  concentration  factors,  the  notch  may  be  completely  covered  with  cadmium.  Fig.  15.10 
illustrates  that  despite  the  superb  throwing  power  of  the  cyanide  bath,  the  plating  thickness  decreases  progressively 
with  increasing  notch  depth,  as  explained  by  Wagner’s  calculations.  The  plating  thickness  at  the  notch  base  is  50  per 
cent  less  than  on  the  gauge. 

Besides  the  theoretical  interest  of  the  effect  of  notch  acuity  and  depth  on  plating  thickness  distribution,  it 
has  an  important  implication  in  the  domain  of  embrittlement  testing.  The  rate  of  penetration  of  hydrogen  atoms 
into  the  metal,  and  hence  the  rate  of  crack  propagation,  according  to  Troiano,  depends  on  the  number  of  hydrogen 
atoms,  accumulating  in  the  area  of  highest  triaxiality.  Therefore,  the  absence  of  the  cadmium  plating  barrier  at  the 
notch  root  or  a  marked  reduction  in  its  thickness  produces  an  exaggerated  picture  of  hydrogen  embrittlement  of  the 
steel  when  the  sustained  load  test  is  used.  To  circumvent  this  problem,  Hartgrovcs  and  LangstoneU6l  have 
suggested  standardizing  on  a  root  radius  between  0.003  and  0.005  in.  for  the  delayed  failure  test,  perhaps 
maintaining  the  most  commonly  used  depth  of  0.04  in. 

In  many  cases,  it  will  be  desirable  to  ascertain  shat  the  notch  root  is  at  least  covered  by  the  electroplating. 
To  simplify  the  rather  time  consuming  metallographic  sectioning,  prior  to  mctallogruphlc  examination,  Strauss  and 
VlanncsU^l  have  developed  a  colorimetric  screening  test  for  notch  coverage  by  cadmium  plating  by  using 
appropriate  dyes.  This  test  involves  reactions  in  which:  (a)  a  color  Is  produced  on  the  plate  without  affecting  the 
substrate;  (b)  u  color  is  produced  on  the  substrato  without  affecting  the  plate;  or  (c)  easily  distinguishable 
contrasting  colors  are  produced  on  both  the  plate  and  the  substrate. 

In  general,  the  above  problem  of  homogeneous  notch  plating  applies  exclusively  to  electrolytic  plating!  1*1 . 

Complete  coverage  should  not  be  obtained  on  a  notch  root  radius  about  0,003  in.  when  a  Ni-Cd  duplex 
layer  is  electroplated.  However,  a  diffusion  heat  treatment  at  630  F,  which  slightly  exceeds  the  eutectic  temperature 
of  the  nickel  cadmium  system,  is  sufficient  to  level  the  coating  in  the  notch  root  within  a  period  of  30  minutes!!9) 
as  is  seen  In  Fig.  15.1 1. 
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Fig.  15. 10-  A  comparison  of  the  cadmium  plated  complete  notch  and  notch  root  showing  the  plating 
thickness  decreasing  progressively  with  increasing  depth  of  the  notch 
10. 0005  in.  on  gauge,  0. 0002  in.  on  notch  roo  t).  Dimensions  of 
notch;  depth  0.040 in.,  angle  60°.  radius  0.002 in.  ±0.0005in. 


Plating  thickness  .00028“ 

Fig.  15.11  -  Ni-Cd  duplex  coating  in  notch  root  leveled  by  diffusion  heat  treatment  lor  30  min.  at  630  F. 
Notch  radius  0.003  in.  Magnification  ■  x  500.  Etchant:  50  ml  HCI.  25  ml  HNOj. 

IgCuClz  ISOmlHgO 


REFERENCES 


(1  j  C.  A.  Zapffe  and  M.  E.  Haslem,  “Hydrogen  Embrittlement  in  Cadmium  and  Zinc  Electroplating”.  Plating. 
37  (4),  pp.  366-371  (1950). 

[2  j  H.  Fischer  and  H.  Barmann,  “The  Problem  of  the  Initiation  of  Hydrogen  Embrittlement  in  Steel  by  Electro¬ 
lytic  Processes”,  Korrosion  und  Metallschutz,  16.  pp.  405-418  (1940) 

[3]  C.  A.  Zapffe  and  M.  E.  Haslem.  “Hydrogen  Embrittlement  in  Copper  Electroplating”,  Plating,  36  (9) 
pp.  906-9 13  (1949). 

[41  W.  Beck  and  E.  J.  Jankowsky,  “The  Effectiveness  of  Metallic  Undercoats  in  Minimizing  Plating  Embrittle¬ 
ment  of  Ultra  High  Strength  Steel”.  Proc.  Am.  Electroplaters'  Soc.,  47.  pp.  152-159  (1960). 

[51  W.  Beck  and  E.  J.  Jankowsky,  “Effects  of  Plating  High  Tensile  Strength  Steel”,  ibid.,  44,  pp.  47-52 


[61  “Investigation  of  Hydrogen  Embrittlement  of  Silver  Plated  4340  Steel  at  Various  Strength  Levels”. 
Report  9080,  Ser.  No.  20,  McDonnel  Aircraft  Corp.,  St.  Louis,  Mo.  (Feb.  1962). 

[7|  “Metallurgical  Analysis  of  Failed  Engine  Mount  Attachment  Bolts”,  Report  No.  MCRM  1630,  Lockheed 
Aircraft  Co.,  Burbank,  Cal.  (June  1955). 

(8)  F.  S.  Williams.  W.  Beck,  and  E.  J.  Jankowsky,  “A  Notched  Ring  Specimen  for  Hydrogen  Embrittlement 
Studies”.  Proc.  ASTM,  60,  pp.  1 192-1202  (I960). 

[9|  "Metallurgical  Analysis  of  Failed  Main  Landing  Gear  Side  Strut  Bolts”,  Report  No.  LR-8591,  Lockheed 
Aircraft  Co.,  Burbank,  Cal.  (May  1952). 

[10|  W.  Beck  and  E.  J.  Jankowsky,  “Effect  of  Binary  Alloy  Plating  on  Delayed  Brittle  Failure  of  Ultra-High 
Strength  Steel",  /  Ekctmhem.  Soc..  103.  pp.  490494  (1962). 

[11 1  W.  Beck  arid  E.  J.  Jankowsky,  “Effect  of  Tin-Cadmium  Electrodeposits  on  Corrosion  and  Mechanical 
Bohavior  of  Steel",  Proc.  2nd  International  Congress  on  Metallic  Corrosion .  pp.  669-675  (1963). 

[12]  B.  Cohen,  “A  Study  of  Cadmium-Tin  and  Zinc-Tin  Alloy  Eleclrodoposits",  WADC  Tech.  Report  54-240 
Air  Force  Materials  Lab.  (WPAFB),  Dayton,  Ohio  (Sept.  1954). 

[131  N.  M.  Gcyer,  G.  W.  Lawless  and  B.  Cohen,  “Progress  Toward  the  Development  of  a  Non-embrittling 
Cadmium  Electroplating  Process",  Proc.  Am.  Electroplaters ' Soc. .  47.  pp.  143-15 1  (  I960). 

[14j  C.  Wagner,  “Calculation  of  the  Current  Distribution  at  Electrodes  Involving  Slot  s". Plating,  48.  pp.  999-1002 
(Sept.  1961). 

[IS|  E.  P.  Kiier,  B.  B.  Muvdi  und  (».  Sachs,  “lire  Response  of  High  Strength  Steels  in  the  Range  of  180-300  ksi 
to  Hydrogen  Embrittlement  from  Cadmium  Plating",  Proc.  ASTM.  58, 60S  ff  (1958). 

( !6|  T.  Hartgroves  and  P.  F.  Langstone.  "Thickness  of  Electroplated  Cadmium  in  Notches  in  High  Strength  Steel 
Sustained  Load  Test  Specimens".  Corrosion  Sci,  5,  p.  797  (1965). 

[1 7|  S.  W.  Strauss  and  P.  N.  Vlanncs.  "Progress  Towards  the  Development  of  a  Non-embrittling  Cadmium 
Electroplating  Process  -  (V  -  Use  of  Methanol  as  a  Solvent  in  Cadmium  Plating  Solutions".  Plating 
47.  932  ff(  1 960). 


150 


i 


j 


1 


[18]  W.  L.  Cotton,  “Hydrogen  Embrittlement  of  High  Strength  Steels  During  Cadmium,  Chromium  and  Electro¬ 
less  Nickel  Plating”,  ibid.,  47,  pp.  169-175  (1960). 

[19]  “Static  Fatigue  Strength  of  Diffused  Nickel-Cadmium  Plated  Vasco-max  250  and  Vasco-max  300”, 
Report  A-733,  Ser.  No.  19,  McDonnell  Aircraft  Corp.,  St.  Louis,  Mo.  (June  1964). 


i. 


A. 


151 


CHAPTER  16 


DIFFERENT  CADMIUM  PLATING  BATH  FORMULATIONS 
PROPOSED  FOR  REDUCTION  OF  EMBRITTLEMENT; 
SPECIAL  PLATING  PROCEDURES 


A  great  deal  of  effort  has  been  directed  toward  substituting  other  types  (different  chemical  formulations) 
of  plating  baths  with  lower  embrittling  characteristics  for  the  highly  embrittling  but  widely  used  conventional 
cyanide  bath.  The  efforts  were  made  with  the  objectives  of  reducing  hydrogen  discharge  with  a  minimum  loss  of  the 
highly  desirable  plating  characteristics  of  the  cyanide  bath.  The  composition  and  embrittlement  characteristics  of 
three  different  types  of  rather  unorthodox  cadmium  plating  baths  will  be  summarized  briefly.  The  baths  are: 

•  The  fluoborate  bath 

•  The  amino  acid  baths 

•  Nonaqueous  baths 

In  addition  to  the  above  approaches  a  number  of  investigators  with  a  less  radical  attitude  toward  changes  in  bath 
formulations  kept  the  conventional  cyanide  bath,  but  made  attempts  to  reduce  embrittlement  by  using  additives. 
Two  additives  commonly  used  are  titanium  and  nitrate  compounds.  These  types  of  plating  baths  will  be  briefly 
described  and  their  embrittlement  characteristics  analyzed. 

Other  low  or  non-embrittling  special  plating  procedures  also  included  in  this  chapter  are  vacuum,  spray, 
brush,  gas  plating,  and  mechanical  or  peen  plating  techniques. 

16.1  PROPOSED  CADMIUM  PLATING  BATHS  FOR  REDUCTION  OF  EMBRITTLEMENT 

16.1.1  THE  FLUOBORATE  BATH 

This  bathiH  is  an  acid  bath  with  a  pH  of  about  3.8  which  contains  cadmium  ammonium  fluoborate  and 
brighteners.  The  facts  presented  in  the  previous  chapter  dealing  with  plating  embrittlement  clearly  indicated  the 
superiority  of  this  bath  over  the  classical  cyanide  bath  from  the  point  of  view  of  minimizing  embrittlement I“1 . 
Actually,  the  fluoborate  plating  process  does  not  eliminate  hydrogen  embrittlement,  but  it  does  reduce  it  to  an 
appreciable  degree,  (plating  efficiency  close  to  100  per  cent).  Disadvantages  are  the  poor  throwing  and  covering 
power,  the  roughness,  and  the  comparatively  poor  appearance  of  the  fluoborate  plating. 

16.1.2  THE  AMINO  ACID  BATHS 

Formulations  as  well  as  results  of  experimental  work  in  the  development  of  a  “non-embrittling"  amino  acid 
electroplating  bath  arc  given  in  detail  in  reference*!^! .  It  is  generally  agreed  that  more  satisfactory  electrodeposits 
are  obtained  from  baths  with  the  metal  present  largely  as  a  complex  rather  than  as  a  simple  ion.  It  is  also  well 
known  that  the  discharge  of  hydrogen  ions  In  an  electrode  process  depends  strongly  on  their  ionic  concentration. 
From  the  point  of  view  of  diminishing  hydrogen  embrittlement,  it  is  highly  desirable  to  suppress  hydrogen  discharge 
and  therefore, plate  at  a  high  pH.  However,  cadmium  lends  to  precipitate  as  the  hydroxide  over  a  wide  pH  range 
(above  7).  unless  it  is  properly  complexcd.  Thus,  selection  ol  a  complcxing  agent  is  imperative,  in  order  to  obtain  a 
good  plate  from  an  alkaline  bath. 

VlamteslS)  showed  that  the  metal  is  deposited  in  preference  to  hydrogen  at  appropriate  pH  values  from  an 
ammoniacal  plating  bath,  in  which  the  cadmium  is  solubilized  by  an  organic  complcxing  agent.  Based  on 
polarographic  measurements,  this  investigator  suggested  the  use  of  an  aqueous  solution  containing  the  ammonium 
salt  of  an  aliphatic  amino  acid  in  an  ammoniacal  cadmium  sulfate  solution.  He  formulated  a  number  of  amino  acid 
baths  which  were  suitable  for  low  embrittlement  cadmium  plating.  The  amino-n-butyric  acid  bath,  selected  from  a 
number  of  other  amino  acid.  The  pH  of  the  batli  is  about  ‘>.5  and  a  current  density  of  about  15  A/ft-  is  used  in 
plating.  Its  superiority  from  the  point  of  view  of  embrittlement  reduction  over  the  cyanide  or  fluoborate  bath  was 
shown  in  the  histogram  presented  in  Chapter  2  dealing  with  hydrogen  determination. 
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It  was  established  that  the  amino  acid  baths  are  capable  of  being  adapted  to  barrel-plating  conditions.  Their 
throwing  power  in  barrel  plating  is  superior  to  that  in  tank  plating.  But  the  lack  of  brightness  of  the  coatings  and  the 
difficulty  in  the  maintenance  of  the  baths,  as  found  in  the  laboratory  of  the  Naval  Air  Development  Center,  are  still 
considerable  drawbacks  that  have  to  be  overcome  before  this  procedure  can  be  recommended  for  general  use. 

It  should  be  noted  that  Vlannes  et  al.  used  a  number  of  other  nonembrittling  amino  acid  .baths  with  high 
cathode  efficiency!^]  for  cadmium  plating.  For  example,  baths  containing  (1)  triethanolamine,  (2)  methanol  as  a 
solvent  and  (3)  pyridine  as  a  complexing  agent.  The  cathode  current  efficiency  in  all  these  baths  approaches  100  per 
cent.  Delayed  failure  tests  did  not  indicate  hydrogen  stress  cracking. 

1 6. 1 .3  NON- AQUEOUS  BATHS 

Mictllo  of  the  Grumman  Aerospace  Engineering  Corporation [9 JO]  used  an  entirely  different  approach.  He 
excluded  water  completely  from  his  bath  formulation  and  plated  cadmium  from  an  all  organic  solution  without 
codeposition  of  hydrogen.  As  a  result  of  comprehensive  studies,  he  selected  n,n-dimethyl  formamide  (DMF)  as 
solvent.  This  substance  is  polar  having  a  rather  high  dielectric  constant  and  a  relatively  good  electrolytic 
conductivity.  Cadmium  iodide  was  used  as  the  metal  salt  because  of  its  solubility  in  DMF  and  its  stability  when 
cadmium  is  used  as  an  anode  in  the  electroplating  bath.  To  obtain  a  fine  cystalline  cadmium  deposit,  it  is  necessary 
to  reduce  the  high  concentration  of  the  free  metal  ions  in  DMF  by  binding  the  cadmium  into  a  metal-chelate 
structure,  with  an  aliphatic  high  molecular  weight  derivative  of  ethylenediamine. 

Anodic  as  well  as  cathodic  current  efficiency  of  these  baths  is  100  per  cent,  when  operated  close  to  room 
temperature  at  a  current  density  between  3  to  12  A/ft2.  According  to  Micillo,  the  adhesion  of  the  plating  and  its 
capacity  to  protect  against  atmospheric  corrosion  compare  favorably  with  the  adhesion  and  protection  of 
conventional  cyanide  cadmium  deposits.  Results  of  sustained  load  tests  may  be  summarized  as  follows:  At  plating 
thicknesses  from  0.0004  to  0.001  in.,  notched  specimens  (Kt=2)  of  AISI  4340  steel  (260-280  ksi)  could  be  stressed 
to  75  per  cent  of  the  unplated  NTS  up  to  400  hours,  and  at  90  per  cent  NTS  up  to  360  hours  without  failure.  The 
run  was  then  discontinued.  Although  the  stress  rupture  life  is  remarkably  high,  it  should  be  emphasized  that  the 
plating  bath  has  a  number  of  serious  drawbacks,  such  as  being  a  fire  hazard,  toxic,  hygroscopic,  having  a  slow  plating 
rate,  and  comparatively  poor  throwing  power. 

After  these  disadvantages  have  been  eliminated  or  minimized,  this  plating  method  can  be  recommended  for 
universal  use  without  hesitation,  because  it  is  one  of  the  few  baths  which  “completely"  eliminates  hydrogen 
embrittioment.  In  addition  it  would  eliminate  the  rather  cumbersome  procedure  of  baking.  Moreover,  it  may  be 
possible  to  adapt  this  method  for  plating  chromium. 

Arnold  {1 1 1 ,  who  also  made  studies  on  non-aqueous  electroplating,  added  dirncthylsulfoxidc  or  1,2 
ethancdlol  to  the  DMF  solvent  for  his  studies, 

The  electrodeposition  of  aluminum  from  non-aqueous  solutions  will  be  briefly  covered.  Aluminum  is 
deposited  from  an  ethereal  solution  of  aluminum  chloride,  and  a  metal  hydride,  preferable  lithium  hydride i  12.13) 
The  cathode  current  efficiency  is  close  to  95  per  cent,  but  the  deposition  rate  is  not  very  high.  The  effectiveness  of 
lithium  hydride  is  attributed  to  the  formation  of  a  complexion  which  promotes  tht-  deposition  of  aluminum.  This 
ion  is  continually  being  replaced  by  the  anodically  dissolving  aluminum  and.  theiclotc,  assures  a  continuous 
deposition  of  this  metal  from  a  small  quantity  of  the  complex. 

16.2  CONVENTIONAL  CYANIDE  CADMIUM  BATH  CONTAINING  EMBRITTLEMENT 
REDUCING  ADDITIVES 

16.2.1  TITANIUM  ADDITIVE 

Workers  at  the  Boeing  Corporation  approached  the  problem  of  suppressing  the  hydrogen  evolution  reaction 
differently  H4! .  They  kept  the  conventional  cyanide  bath  but  added  titanium  by  means  of  a  piopricty  paste 
containing  1 5  per  cent  titanium.  Addition  of  hydrogen  peroxide  is  essential  for  proper  functioning  of  the  bath. 

Jankowsky!  *5]  has  evaluated  the  embrittlement  characteristics  of  this  procedure  by  mean:  of  delayed 
failure  tests.  Hydrogen  stress  cracking  was  suppressed  only  to  a  limited  extent  in  AISI  4340  steel  (260-280  ksi). 

A  detailed  procedure  for  titanium  cadmium  plating  of  high  strength  steel  has  been  given  recently  by 
Weytmtllcrl  lb) ,  He  has  reported  successful  titanium  cadmium  plating  of  the  huge  landing  gears  of  the  280  too 
Boeing  747  jet,  which  has  four  main  landing  gears  under  each  wing  and  two  under  the  fuselage.  The  gears  are  made 
of  AISI  4340-M  steel  (silicon  modified  4140}  heal  treated  to  a  UTS  exceeding  275  ksi.  The  apparent  success  of 
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titanium-cadmium  process  in  the  landing  gear  application  is  probably  attributable  to  the  lower  embrittlement 
sensitivity  of  AISI  4340-M  as  compared  to  4340.  (See  Chapter  5).  A  mechanism  will  be  suggested  in  Chapter  i8 
dealing  with  mechanisms. 

16.2.2  NITRATE  ADDITIVE 

Another  approach  for  retarding  the  hydrogen  evolution  reaction  was  used  by  Hamilton  and  Levine  [1?1, 
working  at  the  Lockheed  Aircraft  Corporation.  Their  bath  contains  slightly  higher  concentrations  of  sodium 
cyanide,  cadmium  oxide,  sodium  hydroxide,  and  sodium  carbonate  than  the  conventional  cyanide  bath.  Low 
concentrations  of  sodium  nitrate  and  polyethylene  glycol  were  used  as  additives. 

Specimens  were  plated  from  this  bath  after  being  subjected  to  a  nonembrittling  pretreatment  consisting  of: 
(1)  fine  vapor  honing  to  remove  scale  and  rust,  (2)  anodic  cleaning  at  100  A/ft2  for  5  min.  in  a  commercial  caustic 
cleaner,  followed  by  a  water  rinse,  (3)  electro-honing  at  100  A/ft2  for  1 5  minutes  in  a  sulfuric-phosphoric  acid  bath, 
followed  by  a  water  rinse.  The  favorable  results  of  stress  rupture  tests  on  specimens  plated  from  the  modified  bath 
are  compiled  in  Table  1 6. 1 . 


TABLE  16.1  -  COMPARATIVE  STRESS  RUPTURE  TESTS  OF  STEEL  SPECIMENS  PLATED  FROM 
CONVENTIONAL  AND  NITRATE  MODIFIED  CADMIUM  CYANIDE  BATHS 


Sample 

Time  to 

Failure 

(Hours) 

Notch 

Radius 

(Inches) 

Controls,  nonprocessed 

386.  500*.  369, 

500*, 500* 

SOO*,  500*,  167, 

500*,  500* 

0.005 

Conventional  Bath, 

MBlWBIBiiiSil 

20  A/ft2  unbaked 

i 

20  A/ft?  baked  (x) 

i 

0.005 

60  A/ft ?  unbaked. 

60  A/ft?  baked 

20,  118 

Modified  Bath, 

100  A/ft?  unbaked 

SOO*.  500*.  2.54 

75  A/ ft ?  unbaked 

400,  109,  223 

0.005 

50  A/ft?  unbaked 

500*.  500*  500* 

Controls,  nonprocessed 

600*.  e.OOV  600* 

Modified  Bath, 

600*.  600*.  600* 

0.025 

75  A/ft?  unbaked 

600* 

•Indicates  no  failure  at  that  period  oi  time  when  tc  .*  was  terminated, 
x Baking  condition'  unknown. 


Specimens  AISI  4340  steel  (260-2H0  ksi)  •  Loaded  to  7.V*  of  NTS 
Coating  thickness  0.0005  in. 

However,  Brittain  1 18) ,  a  former  member  of  the  research  laboratories  of  Hawker  Siddclcy  Aviation  Ltd, 
obtained  much  less  favorable  results  He  concluded  from  the  data  that  the  nitrate  bath  produces  variable 
embrittlement  of  a  sensitive  steel,  which  is  associated  with  hydrogen  pick  up.  He  also  found  that  the  addition  agent 
is  unstable.  Pertinent  results  are  compiled  in  Table  16.2.  Note  that  poor  embrittlement  behavior  was  obtained  in 
spite  of  a  2  hour  bake  at  200  C 
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TABLE  16,2  -  SUSTAINED  LOAD  NOTCHED  TENSILE  TESTS 
AISI 4340  STEEL  (240  ksi )  PLA  TED  FROM  NITRA  TE  MODIFIED  CADMIUM  CYANIDE  BA  TH 

(THICKNESS  0.0004  IN.  ON  BARREL I 


Test/piece 

Number 

Hours  to 
failure 

115 

280 

0.3 

0.14  0.13 

116 

278 

5.9 

0.04 

117 

276 

104.0 

0.01  0.02 

118 

273 

6.9 

0.04 

119 

271 

11.3 

0.05 

121 

269 

4.0 

0.03 

123 

258 

20.6 

0.03 

124 

246 

7.7 

0.04 

128 

224 

1000 

(No  failure) 

0.00 

Four  unplated  control  specimens  failed  at  291, 334, 367  and  381  ksi  respectively. 


•Determined  in  sample  taken  from  broken  specimen  by  extraction  at  3S0  C.  Specimens  baked  at  200  C  for  2  hours 
after  plating. 

16.3  SPECIAL  PLATING  PROCEDURES 

16.3.1  GAS  PLATING  OF  ALUMINUM 

tn  the  gas  plating  process  a  thermally  unstable  organic  aluminum  compound  is  used  for  the  deposition  of 
the  metal.  Plating  is  carried  out  at  temperatures  around  200  C  and  thermal  decomposition  occurs  on  the  surface  of 
the  part  to  be  coated.  Decomposition  gases  arc  given  off  and  {jumped  out  of  the  decomposition  chamber . 

Jankowsky  made  delayed  failure  tests!  WJ  on  gas  plated  H  i  1  high  strength  steel  three  weeks  after  storage 
under  normal  atmospheric  conditions.  The  fact  that  no  Indication  of  hydrogen  stress  cracking  was  found,  is 
apparently  due  to  the  comparatively  high  decomposition  reaction  temperature  counteracting  the  adsorption  of  tire 
evolved  hydrogen.  Also,  there  is  the  possibility  of  tire  loss  of  hydrogen  during  storage. 

16.3.2  BRUSH  PLATING 

In  brush  {dating  carbon  is  used  as  the  anode  (stylus),  it  is  wrapped  with  absorbent  cotton  and  saturated 
with  the  appropriate  cleaning  of  plating  solution.  The  part  to  be  plated  is  nude  the  cathode  and  plating  is  achieved 
by  swabbing  the  metal  surface  with  the  cotton  wrapped  anode.  This  procedure  has  many  practical  applications, 
because  It  can  be  used  in  situ.  A  number  of  common  applications  is  live  plating  of  small  sections  of  large  assemblies 
that  cannot  conveniently  In  taken  apart,  the  repair  of  scratches  in  a  plated  coating,  the  plating  of  small  contact 
points  on  electrical  components,  stenciling,  and  the  build  up  of  mu  machined  or  worn  parts.  Because  of  the  high 
{dating  temperature  (the  solution  often  bolls  at  Ihe  stylus  contact  points)  and  the  continuous  sweeping  action,  ii 
would  be  expected  that  under  these  conditions  there  would  be  practically  no  hydrogen  at  the  cathode  surface.  Thus 
embrittlement  should  be  greatly  reduced  and  even  eliminated.  Slow  rale  beml  tcsts|20|  performed  by  Beck  and 
Jankowsky  confirmed  this  expectation.  However,  the  results  of  stress  rupture  testspl  j  on  notched  high  strength 
steel  specimens  were  leu  favorable. 

It  should  be  noted  that  brush  plating  is  not  satisfactory  for  uniformly  coating  the  root  of  a  sharp  notch  or  a 
thread,  therefore,  measurements  on  notched  stress  rupture  specimens  are  hardly  representative  of  the  embrittlement 
behavior  of  brush  plated  parts  under  a  variety  of  Held  conditions. 


16.3.3  SPRAY  METALLIZING  AND  VACUUM  DEPOSITION 

Spray  metallizing  and  vacuum  deposition  have  also  been  employed  to  avoid  hydrogen  embrittlement.  In  the 
first  process,  a  metal  wire  is  fed  through  an  oxy-acetylene  flame.  The  molten  metal  is  forced  through  a  nozzle  by 
compressed  air  and  sprayed  out  in  the  form  of  tiny  droplets.  Adhesion  is  determined  by  a  keying  mechanism.  No 
hydrogen  is  formed  by  this  procedure.  In  vacuum  plating  the  coating  is  applied  by  vaporization  of  the  metal  in  a 
vacuum  chamber.  As  would  be  expected,  hydrogen  embrittlement  tests  on  specimens  metallized  were  negative 
also  [22-24] , 

16.3.4  MECHANICAL  (PEEN)  PLATING 

Another  specialized  plating  procedure  which  is  reported  to  produce  little  or  no  embrittlement  is  mechanical 
plating  (peen  plating).  Satisfactory  adhesion  of  the  coating  produced  by  this  procedure  can  only  be  insured  by  a  two 
step  pretreatment,  consisting  of  phosphatizing  and  then  copper  plating  by  immersion.  The  part  is  peen  plated  in  a 
tumbling  barrel,  containing  the  powdered  metal  to  be  plated,  glass  beads  and  a  proprietary  compound,  called  the 
promotor.  It  must  be  strongly  emphasized  that  the  two  step  pretreatment  is  mandatory  and  is  to  be  considered  an 
integral  part  of  the  plating  procedure. 

Sustained  load  tests  were  performed  immediately  [25,26]  after  completing  each  of  the  two  pretreatment 
steps.  One  group  of  specimens  was  phosphatized  and  the  other  copper  plated.  Results  are  given  in  Fig.  16.1.  Due  to 
technical  reasons,  embrittlement  evaluations  of  peen  plated  notched  tension  specimen  could  not  be  started  until  3 
weeks  after  the  specimens  had  been  plated. 


Time  to  foilure  .hours 

Fig  t6. I  -  Stress  rupture  behavior  of  A ISI 4340  steel  specimens  1260-280  ksi.  Kf  4.21  cadmium  peen  plated 
(tested  after  3  week  storage  at  ambient  temperature).  In  addition  data  are  presented  for  each  of  the  two 
pretreatment  procedures,  phosphaluing  and  immersion  copper  plating  (tested  immediately  after  tnetmentl. 


As  shown  in  the  figure,  the  lower  critical  stress  of  the  peen  plated  specimens  is  greatly  improved  and  almost 
coincides  with  that  of  an  unplated  specimen.  It  is  apparent  from  the  resul  t  that  the  source  of  the  embrittling 
hydrogen  is  primarily  the  phosphate  treatment.  These  data  are  similar  to  those  previously  given  under  the  discussion 
of  die  phosphatizing  procedure  in  section  14.5.  The  comparatively  low  degree  of  embrittlement  by  phosphatizing,  is 
easily  removed  by  room  temperature  agmg[27J  as  a  resuit  0f  the  porosity  of  the  peen-plated  cadmium. 

These  findings  are  in  good  agreement  with  stress  rupture  tests  performed  in  the  laboratory  of  the  Standard 
Pressed  Steel  Corporation. 
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CHAPTER  17 

METHODS  OF  MINIMIZING  HYDROGEN  EMBRITTLEMENT 


The  most  common  method  of  minimizing  hydrogen  embrittlement  is  a  thermal  treatment  called  “baking.” 
This  method  as  well  as  less  common  procedures  and  their  limitations  will  be  discussed  in  this  chapter. 

17.1  REMOVAL  OF  SURFACE  HYDROGEN 

Tim  method  is  only  of  theoretical  interest  and  consists  o?  removing  the  surface  layers  containing  hydrogen 
(e,g.,  by  grinding).  Results  obtained  by  Troiano  et  al.  [1  ]  are  depicted  in  Fig.  17.1 . 

Grinding  is  performed  immediately  after  four  different  aging  times.  Effective  cooling  conditions  are  strictly 
maintained  during  grinding  to  keep  loss  of  hydrogen  by  sample  hearing  to  a  minimum.  With  longer  aging  times,  the 
quantity  as  well  as  the  penetration  depth  of  hydrogen  diffusing  into  the  bulk  of  the  specimen  increases  and  more  of 
the  metal  has  to  be  ground  away  to  remove  the  embrittling  hydrogen  atoms.  Finally,  at  the  aging  time  of  600  hours 
hydrogen  has  penetrated  to  such  a  depth  that  the  removal  of  a  comptratively  thin  surface  layer  is  insufficient  for 
restoration  of  the  initial  ductility.  Identical  results  were  obtained  by  Toh  and  Baldwin  [2]  who  removed  the 
hydrogen  carrying  surface  layers  by  electrochemical  milling. 
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Fig.  17.1  -  Plot  showing  effect  of  aging  times  and 
grinding  off  different  thicknesses  of  hydrogen 
containing  steel  surface  layers  on  embrittlement. 
AISI 4340  steel  specimens  (270  ksil  previously 
hydrogenated  by  cathodic  charging. 


Fig.  17.2  -  Delayed  failure  curves  for  sharply  notched 
AISI  4340  steel  specimens  (240  ksi)  prestressed  to 
various  strength  levels,  charged  cathodically  and  aged 
for  5  minutes  at  ambient  temperature. 
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17.2  PRESTRAINING 

Troiano  et  al.  [3,4]  reduced  susceptibility  to  hydrogen  stress  cracking  by  prestraining.  Pertinent  results  are 
depicted  in  Fig.  17.2.  The  notch  tensile  strength,  lower  critical  stress  and  to  a  limited  degree  time  to  fracture  are 
improved  by  prestraining.  The  mechanism  of  this  interesting  phenomenon  will  be  discussed  in  Chapter  18. 

17.3  METALLIC  UNDERCOATS 


The  high  susceptibility  of  high  strength  steel  to  hydrogen  embrittlement  was  demonstrated  in  proceeding 
chapters.  Recent  advances  in  the  field  of  propellent-actuated  devices  have  indicated  a  need  for  still  higher  strength 
steel  components,  many  of  which  are  spring  loaded  for  extended  periods.  Since  these  items  are  protected  against 
corrosion  by  electroplating,  the  aforementioned  conditions  are  ideal  for  generating  hydrogen  embrittlement.  For  the 
plating  of  the  above  devices  and  munitions  items,  a  duplex  coating  with  the  undercoat  acting  as  a  hydrogen  diffusion 
barrier  has  definite  advantages. 

The  procedure,  suggested  by  Troiano  and  others [5-7]  t  js  based  on  the  idea  that  cyanide  cadmium  plating  is 
an  effective  hydrogen  diffusion  barrier  and  that  the  relatively  small  quantity  of  hydrogen  introduced  within  the 
short  time  of  electrodepositing  a  very  thin  coating  can  be  easily  driven  out  by  baking.  The  undercoat  may  then  be 
overplated  by  a  thick  or  commercially  used  coating  without  generating  embrittlement,  making  any  further  baking 
unnecessary.  Fig.  17.3  shows,  that  with  increasing  thickness  of  the  overplate  (increasing  plating  time),  the  thickness 
of  the  undercoat  (initial  plate)  must  be  increased  to  maintain  the  ductility  of  the  unplated  steel. 

Dougherty  [8]  recommended  the  following  duplex  plating  procedure  for  A1SI  4340  steel: 

First  step  •  Plate  to  0,125  mil  from  a  cyanide  cadmium  bath,  containing  a  brightener.* 

Second  step  •  Bake  for  two  hours  at  375  F. 

Third  step  -  Overplafe  to  0.5  mil  to  a  bright  fine-grained  finish. 

Sustained  load  tests  with  notched  tensile  specimens  have  shown  this  method  to  be  unreliable  (9, 1 0] .  Despite 
recovery  of  ductility  obtained  with  thin  plating  after  baking,  subsequent  replating  with  cyanide  cadmium  was  found 
to  embrittle  high  strength  steel. 

To  conserve  the  useful  properties  of  the  cadmium  plating,  but  decrease  its  embrittling  effect,  metallic 
undercoats  other  than  cadmium  have  been  tried.  Desired  properties  of  the  undercoat  arc  that  it  must  be  easily 
ovcrplatcd  with  cadmium  and  produce  only  a  negligible  degree  of  embrittlement.  Beck  and  Jankowskyl10! 
suggested  the  use  of  undercoatings  of  pyrophosphate  copper  or  nickel  (bright  or  sulfamatc).  A  thin  undercoat  of 
either  of  the  two  metals  embrittles  only  to  a  very  slight  degree,  and  is  primarily  the  result  of  mechanical  plating 
imperfections.  Results  obtained  by  these  investigators  arc  given  in  Fig.  17.4. 


•Briglucner  is  necessary,  because  there  is  no  decrease  in  ductility  while  overplaling  a  bright  preplote.  Dull  coalings 
are  more  porous  and.  therefore,  are  poor  diffusion  barriers. 
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Fig.  17.3  -  Plot  showing  that  the  undercoat  thickness  (initial  plate )  must  be  increased, 
when  the  thickness  of  the  feplote  ( overplate )  is  increased  in  order  to  maintain  the 
ductility  of  the  unplated  steel.  Cd  over  Cd  plating  on  AISI 4340  steel  (260  ksi). 
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Fig.  17.4  -  Relation  of  thickness  of  Ni  and  Cu  undercoats  to  their  effectiveness  in  reduction  of 
embrittlement,  when  overplated  with  cyanide  cadmium  ( 10 4  in.).  Substrate  A I SI  4340 
steel  (260  ksi).  Rate  of  crosshead  travel  0. 1  in. /min.  Strain  rate  to  yield 
maintained  at  0.05  in. /in. /min. 

The  effectiveness  of  the  undercoates  as  embrittlement  reducers  is  clearly  demonstrated.  Dougherty  l«i , 
using  the  half  ring  bend  test,  also  studied  the  effectiveness  of  nickel  and  copper  undercoats.  He  found  that  neither 
type  of  preplate  completely  eliminated  embrittlement,  but  both  reduced  that  resulting  from  cadmium  plating 
effectively.  These  findings  are  in  agreement  with  those  reported  by  Beck  and  Jankowskyl  10| .  However,  it  is 
Dougherty  s  considered  opinion  that  due  to  their  greater  complexity  undercoats  other  than  cadmium  offer  no 
particular  advantage  over  a  duplex  cadmium  plating. 

Freeman  et  al.PU  discovered  that  ovcrplating  a  2  mil  copper  layer,  produced  by  immersion  in  a  C11SO4 
solution  with  chromium  from  the  standard  chromic-sulfuric  acid  buth,  did  not  produce  hydrogen  embrittlement. 
Similar  results  were  obtained  with  an  underlay  of  electroless  gold,  though  the  danger  of  marked  galvanic  action  has 
to  be  taken  into  consideration.  Nickel,  when  plated  by  an  electroless  process  to  a  thickness  of  at  least  1  mil.  acted  as 
an  effective  barrier  when  overrated  with  cadmium!  !2|,  which  agrees  well  with  the  findings  of  Beck  and 
Jankowskyl '31.  According  to  Allrcad  and  Robinson  eloctrolytically 1 1 4 1  plated  /.inc  is  also  an  effective  hydrogen 
diffusion  barrier. 

17.4  NONMETALUC  COATINGS 

lire  use  of  nonmetallic  coalings  for  the  protection  of  bolts  on  the  thrust  control  valves  for  the  Titan  missile 
Is  a  good  example  of  their  application  for  minimizing  hydrogen  stress  crackingM-*5) .  The  holts  arc  made  of  17-PH 
martensitic  stainless  steel  (UTS  200  ksi,  yield  strength  IHO  ksi).  Bolt  failures  were  located  in  the  vicinity  or  7075 .fn 
aluminum  alloy  flanges  and  were  associated  with  white  chalky  corrosion  products  on  the  flanges  as  well  as  rust  spots 
(pits  along  the  shank  about  U2  in.  Irorn  the  head).  Hydrogen  stress  cracking  had  been  induced  by  calhodically 
generated  hydrogen.  The  current  flow  in  the  galvanic  couple,  stainless  steel-aluminum,  was  effectively  reduced  by 
covering  the  bolts  witb  a  suspension  of  graphite  in  grease  (Lox-Safc)  or  by  chromic-acid  anodizing  of  the  aluminum, 
or  by  a  combination  of  the  two  coatings. 
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17.5  AGING 


Baking  is  the  most  commonly  used  procedure  to  remove  embrittling  hydrogen  from  steel  parts,  but  some 
preliminary  remarks  about  recovery  of  ductility  of  embrittled  steel  by  the  escape  of  hydrogen  during  room 
temperature  storage  (aging)  may  be  helpful  for  a  better  understanding  of  the  problems  involved  in  the  more  complex 
procedure  of  baking.  Fig.  17.5  shows  [16]  that  with  increasing  aging  time,  increased  quantities  of  hydrogen  diffuse 
out  of  the  specimen,  as  indicated  by  the  improving  elongation.  The  escape  of  hydrogen  does  not  restore  elongation 
to  that  of  the  uncharged  specimens  even  after  aging  for  as  long  as  7.6  days  at  23  C. 

Information  about  decrease  of  embrittlement  in  hydrogen  steel  castings  by  room  temperature  aging  may  be 
obtained  [1^1  from  the  next  figure.  The  data  show  that  the  decrease  of  embrittlement  as  well  as  loss  of  hydrogen 
after  casting  is  very  slow. 


Fig.  1 7.5  -  Limited  recovery  of  tensile  ductility  of  Fig.  1 7.6  -  Plots  showing  very  slow  decrease  in 

AISI 310  austenitic  stainless  steel  after  storage  at  hydrogen  content  and  embrittlement  in  steel  test  bars 

different  temperatures  end  times.  Specimens  charged  stored  at  ambient  temperature  immediately  after  casting, 

cathodically  in  IN  H2SO4  *  250  mg  of  As  at  100 
mA/cm 2  for  24  hours. 


No  increase  in  ductility  is  observed  until  an  aging  time  of  aboui  550  days.  Extrapolation  of  the  curves  In 
Fig.  17.6  indicates  that  it  would  require  an  aging  time  of  about  5  years  to  lose  all  the  hydrogen  and  to  recover  full 
ductility. 

Fig.  17.7  shows  In  an  impressive  manner  the  increase  l9 1  in  fracture  time  with  time  of  aging  of  cathodically 
cleaned  and  acid  etched  test  bars.  The  examples  given  indicate  that  initial  ductility  is  not  always  completely 
recovered  after  very  long  storage  times  at  above  ambient  temperatures. 

17.6  BAKING 

If  applicable,  "baking"  is  and  probably  will  be  the  procedure  of  prime  importance  for  the  removal  of  the 
embrittling  hydrogen.  There  are  two  rather  comprehensive  publications  dealing  with  baking,  one  by  Croenevcll  ct 
al[lH|,  published  in  1966  as  a  part  of  a  special  report,  and  the  other  a  monograph  about  hydrogen  embrittlement  by 
Sachs  and  Beck!  19) ,  published  in  1954  as  a  pari  of  a  comprehensive  survey  oflow  alloy  aircraft  steels,  Itcai  treated 
to  high  strength  levels.  In  the  latter  survey,  instructive  examples  arc  presented,  dealing  with  the  effectiveness  of 
baking  treatments  on  plated  high  strength  steel  parts  and  laboratory  specimens. 
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1 7.6.1  FACTORS  AFFECTING  BAKING  EFFICIENCY 

Valuable  information  P  9]  may  be  obtained  from  Fig.  17.8  which  shows  the  relationship  of  the  following 
three  variables  on  the  effectiveness  of  baking: 

•  Difference  in  hydrogen  permeation  through  cadmium  and  chromium  electrodeposits 

•  Baking  temperature 

•  Strength  level  of  the  metal  substrate 


Boking  temp, F  (hours) 


Fig.  17.7  -  Increas *  in  frccture  time  with  aging  time  Fig.  17.8-  Curves  depicting  effect  of  baking 

at  ambient  temperature.  AISI 4340  steel  (285  ksi)  loaded  temperature  on  ductility  recovery  of  chromium  and 

at  50%  NTS,  cathodically  cleaned  and  etched  with  HO.  cadmium  plated  AISI  4340steel.  Average  Plating 

Thickness,  Cd  0.0005  in.,  Cr  0.003  in. 

The  plotted  values  conflun  the  fact  that  despite  the  greater  thickness  of  the  chromium  plating,  Its  tendency 
to  form  cracks  makes  It  possible  to  recover  ductility  completely  at  about  350  F,  whereas  a  temperature  of  about  450 
F  for  the  same  baking  time  is  needed  for  the  specimens  covered  with  the  thinner  cadmium  plating.  With  increasing 
baking  temperature,  ductility  is  improved  progressively.  However,  ai  temperatures  of  above  500  F  ductility  drops 
rapidly  with  increasing  temperature,  probably  as  a  result  of  diffusion  of  embrittling  cadmium  atoms  from  the 
coaling  into  the  grain  boundaries  of  the  steel  siructure(20,2l  ] . 

Another  rate  of  recovery  determining  variable  is  baking  time.  Fig.  17.')  illustrates  that  a  longer  baking  time 
is  required  to  achieve  immunity  to  cracking  for  a  specimen  with  higher  UTS  than  for  one  with  a  lower  UTS.  Delayed 
failure  testing  at  50  per  cent  NTS  indicates  that  a  sample,  heat  treated  to  a  strength  level  of  225  ksi  requires  a  baking 
time  of  about  25  hours  to  afford  the  steel  immunity  against  fracturing,  while  about  45  hours  is  needed  for  a  sample 
with  a  280  ksi  strength  level. 

Fig.  17.10  shows  that  the  lower  critical  stress  increases  as  an  approximately  linear  function  of  the  baking 

time. 
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Fig.  17.9  -  Effect  of  baking  time  (350  F)  on  time  to 
fracture  of  cyanide-cadmium  plated  4340  steel 
(5  x  10 "4  in.  on  barrel).  Both  curves  for  50%  NTS. 


Fig.  17.10-  Plot  indicating  that  the  lower  critical  stress 
level  increases  almost  linearly  with  baking  time.  AISI 
4340  steel  (280  ksi)  sharp  notched  specimens  plated  with 
cyanide  cadnuum  (thickness  0.0005  in.  on  barrel). 


The  nexi  figure  demonstrates (22 1  the  increase  in  bend  ductility  with  increasing  baking  time  at  different 
baking  temperatures  for  two  strength  levels  of  spring  steel  strips  plated  with  cadmium.  Fig.  17.11  discloses  that 
complete  recovery  of  ductility  was  attained  after  about  2  hours  of  baking  at  437  F  for  steel  with  a  hardness 
of  Rc  40.5.  Decreasing  the  temperature  to  392  F  extended  the  required  baking  time  to  about  8  hours.  At  a 
hardness  of  Rc  56.5.  almost  complete  recovety  was  attained  after  2  hours  at  527  F,  while  complete  recovery 
was  approached  but  not  reached  in  28  hours  at  437  F.  Raking  temperatures  of  212  F  and  302  F  resulted  in 
very  little  recovery  within  the  28  hour  baking  time  used. 

As  could  be  expected,  there  is  a  considerable  effect  of  the  size  of  a  steel  sample  on  the  baking  time 
necessary  for  recovery  of  ductility.  It  was  established  that  baking  a  1  in.  square  cast  steel  bar  for  6  hours  at  400  F 
restored  normal  ductility,  whereas  a  4  in.  square  bar  required  more  than  100  hours  at  the  same  temperature  to 
restore  normal  ductility  at  the  center  of  the  section.  All  bars  retained  residual  hydrogen  from  casting.  In  the 
time-size  relationship  for  a  comparable  level  ofhydrogen,  there  is  some  indication  that  with  increasing  size,  the  aging 
time  required  for  recovery  will  increase  directly  with  volume  and  inversely  with  surface  area.  For  most  compact 
shapes,  recovery  time  according  to  Sims|23)  increases  as  the  3/2  power  of  the  diameter  or  thickness. 

Another  variable  to  be  considered  in  the  effectiveness  of  baking  is  the  retardation  of  recovery  by  the 
hydrogen  diffusion  barrier  action  of  the  plating.  Fig.  17.12  is  concerned  mainly  with  the  role  of  the  plating  thickness 
and  baking  temperature  on  the  baking  time  required  for  complete  recovery  of  ductility  1 24-25]  |(  jS  evident  in  this 
graph,  that  increasing  plating  thickness  makes  a  corresponding  extension  of  the  baking  time  necessary. 

The  S  shape  of  the  curves  stems  from  tire  following  facts:  The  effectiveness  of  the  thin  platings  as  hydrogen 
diffusion  barriers  is  rather  limited  for  thicknesses  up  to  about  2  x  IQ-4  in.  and  complete  recovery  is  accomplished  by 
baking  times  less  than  4  hours.  However,  the  barrier  effectiveness  rapidly  increases  for  a  plate  thickness  greater  than 
2  x  I0'4  in.,  requiring  progressively  longer  baking  times.  For  a  plate  thickness  of  5  x  10-4  in  .  s  baking  time  of  about 
20  hours  at  300  F  is  required  to  bring  about  complete  recovery.  Increasing  the  plating  thickness  above  this  value 
docs  not  increase  the  harrier  effectiveness.  Different  strength  levels  of  the  steel  sutistratc  have  practically  no  effect  on 
baking  time.  Increasing  baking  temperature  to  400  F  has  no  influence  on  the  shape  of  the  recovery  curve  but 
shortens  the  baking  time  considerably. 


Fig.  17.11  -Effects  of  baking  time  and  temperature  on  Fig.  17.12  -  Plot  showing  relationship  of  plating 
restoration  of  ductility  of  cyanide  cadmium  plated  thickness  end  baking  temperature  to  bak  ing  time 

clock  spring  steal  strips  (Cd  plate  0.0004  in.).  required  to  restore  complete  ductility.  AISI 4340 

steel  substrate. 

Additional  experimental  data  are  presented  in  Fig.  17.13  for  three  different  cadmium  plating  thicknesses  at 
a  baking  temperature  of  400  F.  Other  metal  platings  behave  similarly. 


17.6.2  EXAMPLE  OF  FAILURE  DUE  TO  INADEQUATE  BAKING 

An  instructive  case  history  of  inadequate  baking  following  cadmium  plating  deals  with  AISI  4140  steel 
nacelle  eyebolts,  heat  treated  to  180  to  200  ksi(26).  The  bolts,  which  were  baked  under  unknown  conditions, 
showed  no  evidence  of  improper  heat  treatment  or  other  metallurgical  deffkicncics.  Tested  in  torsion,  they  failed  at 
rather  tow  loads.  Cracks  were  located  in  the  crest  of  the  threads  and  secondary  cracks  in  the  area  adjacent  to  the 
main  fracture.  Fracture  surfaces  showed  very  little  evidence  of  ductility,  but  the  root  of  the  threads  was  free  of 
defects.  A  typical  thread  failure  is  pictured  in  Fig.  17.14. 

Rebaking  the  bolts  at  375  F  ♦  10  F  for  3  hours,  materially  improved  the  mechanical  properties  of  the  steel 
which  clearly  indicates  the  cause  of  the  failure  to  be  inadequate  baking. 
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Fig.  17. 13  ~  Plot  of  baking  time  and  cadmium  plate 
thickness  versus  rate  of  recovery  of  ductility  of 
AISI  4340  steel  substrate  (230  ksl). 


Fig.  17.14  -  Example  of  a  defect  found  in  a  cadmium 
plated  steel.  The  defect  in  the  crest  of  the  thread  of 
the  nacelle  eyebolt  (AlSi  4140  steel  180200ksi) 
extends  to  a  maximum  depth  of  0.06  in.  ■  15%  ol 
the  thread  depth  (x  200). 
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17.6.3  LIMITATIONS  OF  BAKING 


The  limitations  of  baking  may  be  summarized  as  follows: 

•  Long  baking  times  are  impractical  and  expensive 

•  The  presence  of  platings  which  drastically  restrict  hydrogen  diffusivity,  very  large  parts,  and  the  use 
of  temperatures  in  the  range  of  blue  brittleness  of  the  steel  substrate,  render  baking  ineffective. 

•  Baking  temperatures  exceeding  the  tempering  temperature  of  the  steel  substrate  or  approaching  the 
melting  point  of  the  protective  coating  cannot  be  used  because  of  the  detrimental  effects. 

Because  of  the  above  limitations,  procedures  other  than  baking  have  to  be  used  for  minimizing  hydrogen 
embrittlement. 

17.7  INTRODUCTION  OF  COMPRESSIVE  STRESSES 

Shot  peening  has  also  been  used  to  advantage  [13]  for  reducing  plating  embrittlement.  This  method  is  only 
listed  at  this  point,  since  a  detailed  discussion  will  be  given  in  Chapter  18. 

17.8  INHIBITING  PICKLING  EMBRITTLEMENT 

17.8.1  ORGANIC  ADDITIVES 

This  problem  was  discussed  rather  comprehensively  in  a  report,  issued  by  the  Battellc  Memorial 
Institute  [18J.  Until  recently  there  was  much  doubt  about  the  mechanism  which  controls  inhibition  of  pickling 
embrittlement  by  'ow  concentration  additions  of  organic  substances.  A  detailed  analysis  of  a  suggested  mechanism 
will  be  given  in  Chapter  18. 

17.8.2.  OXIDIZING  AGENTS 

Beck  et  al.(271  found  that  addition  of  a  small  concentration  of  hydrogen  peroxide  to  a  sulfuric  acid 
pickling  bath,  strongly  retards  the  hydrogen  evolution  reaction  and  hydrogen  embrittlement.  More  details  about  this 
reaction  and  the  rate  controlling  variables  will  also  be  presented  in  the  chapter  dealing  with  mechanisms. 

17.8.3  ULTRASONIC  FIELD 

Recently,  investigators  studied  the  effect  of|28j  ultrasonic  vibration  on  the  absorption  of  hydrogen  by 
steel.  Experimental  results  are  presented  in  Fig.  1 7.5. 

-he  data  show  that  in  certain  intensity  ranges  of  the  ultrasonic  field,  the  absorption  of  hydrogen  shows  a 
minimum  (1=0.01  W/ero-  and  also  1=1.3  to  2.4  W/em2).  It  follows  that  at  these  intensities,  it  should  lie  possible  to 
reduce  drastically  the  introduction  of  hydrogen  into  steel,  Mee(2'>l  succeeded  in  Inhibiting  embrittlement  by 
pickling  or  cadmium  plating  in  an  ultrasonic  field.  The  electrochemical  mechanism  of  embrittlement  inhibition  by 
this  technique  will  be  discussed  In  the  cliaptcr  on  mechanisms. 


Fig  17. 15  -  Effect  of  intensity  of  ultrasonic  field  on  absorption  of  hydrogen  in  steet.  CathodlcaUy  charged 
in  IN  H2SO4  *  As  10  mg/L  at  75  mAkm?  for  5  min.  Extraction  time  60  min  at  122  F. 
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CHAPTER  18 


MECHANISMS  SUGGESTED  FOR  THE  EXPLANATION  OF 
SOME  HYDROGEN  EMBRITTLEMENT  PHENOMENA  AND 
THERMODYNAMIC  PAR  A  METERS  USED  IN  RECENT 
INTERPRETATIONS 

18.1  EARLY  SUGGESTED  MECHANISMS 

Mechanisms  have  been  advanced  by  numerous  investigators  but  none  of  them  covers  all  phases  of  this 
complex  phenomenon.  One  of  the  earlier  mechanisms,  suggested  by  Zapffe,  is  the  so  called  “planar  pressure 
theory.”  another  deals  with  the  interaction  of  hydrogen  with  dislocations  and  dislocation  locking.  The  latter 
mechanism  would  explain  the  effect  of  strain  rate  on  hydrogen  embrittlement.  At  comparatively  slow  strain  rates, 
the  Cottrell  atmosphere  would  travel  with  the  dislocations,  thus  having  no  appreciable  effect  on  ductility  but  at 
higher  strain  rates,  the  dislocations  would  tend  to  break  away  from  the  atmosphere  and  ductility  would  be  increased 
accordingly.  Conversely,  it  was  emphasized  that  hydrogen  does  not  impede  the  movement  of  the  dislocations, 
because  of  the  fact  that  the  stress-strain  relationship  is  not  affected  by  the  embrittling  hydrogen.  The  hydrogen 
induced  delayed  brittle  failure  phenomenon  was  analyzed  by  Troiano,  as  was  mentioned  in  proceeding  chapters. 

A  comprehensive  survey  of  literature  and  analysis  of  proposed  mechanisms  of  hydrogen  embrittlement  in 
steel  and  other  metals  was  published  by  CotterilllU  in  1961.  In  addition  to  the  planar  pressure  throry,  theories 
based  on  brittle  fractures  of  the  Griffith  type,  the  interaction  of  hydrogen  with  dislocations,  and  the  effect  of 
hydrogen  in  interstitial  solution  proposed  by  various  workers  are  discussed  in  detail. 

18.2  AN  INTERPRETATION  OF  SOME  HYDROGEN  EMBRITTLEMENT  PHENOMENA 
EMPLOYING  A  THERMODYNAMIC  APPROACH 

Recently,  an  approach  was  advanced  to  interp.ct  some  p‘  'nomcna  such  as  the  beneficial  effects  of 
compressive  surface  stresses  and  of  a  plastic  prestrain  on  hydrogen  embrittlement  susceptibility  and  delayed  brittle 
failure  in  the  light  of  thermodynamic  parameters  such  as  the  energy  of  interaction  of  hydrogen  with  the  lattice,  its 
partial  molar  entropy  in  it,  and  its  binding  energy  with  dislocations.  It  was  found  that  these  parameters  can  be 
calculated  from  the  partial  molar  volume  of  hydrogen  in  steel  and  that  this  constant  could  be  obtained  from 
electrochemical  hydrogen  permeation  measurements.  Therefore,  the  determination  of  this  value  was  of  prime 
importance! « I .  The  calculations  of  the  aforementioned  parameters  follow. 

IH.2.1  CALCULATION  Oi  nit-;  PARTIAL  MOLAR  VOLUME.  V,j,  IN  a  .{RON  AND  STEEL 

There  are  two  methods  for  calculating  V ,  using  the  following  relationships: 


V 


H 


f. 


(is.:) 


where  V  is  the  volume  of  the  system  metal  ♦  hydrogen.  Ujj  the  chemical  potential  of  hydrogen  in  iron.  T  tire 
temperature.  P  an  applied  hydrostatic  stress  and  n|  c  and  r) |-j  the  number  of  gram  atoms  of  iron  and  hydrogen, 
respectively  Because  of  the  low  solubility  of  hydrogen  if1  non.  the  volume  change  equation  I H.  I  is  ton  insignificant 
in  he  measurable  with  any  degree  of  certainty,  even  hv  X-ray  techniques.  In  order  to  utilize  the  second  definition  of 
^(.equation  I S.'.u  became  necessary  to  determine  the  change  of  ujj  with  a  hydrostatic  stress,  without  changing 
the  concentration  of  the  interstitial  solute  hydrogen.  Since  hydrogen  rs  highly  mobile,  it  is  practically  impossible  to 
comply  with  this  requirement.  Because  of  the  relationship  between  U||  and  the  low  solubility  of  hydrogen!*)  in 
iron  ami  sleet,  equation  I H .  X  was  derived  which  is  equivalent  to  the  right  hand  side  of  equation  IK  2  It  contains  the 
hydrogen  content  in  stressed  as  well  as  strcss-iree  specimens!  L-»| 


*A  stress  induced  change  of  hydtogett  concentration  can  be  neglected 
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T,  nFe,7?H 


(18.3) 


SP  /  T,  npe,i?H 
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Where  Ch.ojj  signifies  the  hydrogen  solubility  in  a  stressed  specimen.,  ffh  the  hydrostatic  component  of  an  applied 
clastic  stress,  Ch,0  the  hydrogen  solubility  in  a  stress-free  specimen  and  T]H  the  overvoltage  at  which  hydrogen  is 
generat  .d.  Since  stress  does  not  affect  the  hydrogen  diffusivity  [2  ] .  The  hydrogen  solubility  is  proportional  to  the 
hydrogen  permeation  current  (J),  which  was  measured  electrochemically.  The  electrochemical  method  of  measuring 
hydrogen  permeation  is  extraordinarily  sensitive  to  small  changes  in  a  hydrogen  flux  and  therefore  ideally  suited  for 
this  type  of  work.  Equation  18.3  may  now  be  rewritten  as 


(18.4) 


The  ionization  currents,  corresponding  to  the  hydrogen  permeating  through  a  thin  iron  membrane  when 
stressed  uniformly  in  tension  and  compression,  are  pictured  in  Figure  18.1.  Irrespective  of  stress  directionally.  Vh  is 
obtained  fiom  the  slope  of  the  lines,  shown  in  this  figure.  In  consideration  of  the  proportionality  between  hydrogen 
solubility  andUH.  it  is  concluded  that  the  reversible  effect  of  stress  on  (in is  thermodynamic  in  nature. 


Fig.  18. 1  -  Effect  of  stress  directionality  on  steady  state  currents  permeating  iron  and  steel 
membranes.  Measurements  made  at  ambient  temperature. 

At  a  constant  external  fugacity  (or  in  electrochemical  terms,  overpotential),  the  hydrogen  solubility 
decreases  when  the  metal  :s  stressed  in  compression  but  increases  when  stressed  in  iensionP.5] . 

The  value  of  Vh,  which  has  a  small  temperature  coefficient,  has  the  attributes  of  a  true  material's  constant 
which  is  demonstrated  by  the  following  examp!"  The  value  of  Vh  in  the  ferritic  (0 (-)  Armco  iron  is  2.66  cc, 
whereas,  in  the  hypoeutectlc  low  alloy  AISI 4340  steei  (uts  1 50  ksi)  it  is  1 .96  cc.  All  measurements  were  made  at  27 
C,  Wriedt  and  Orianilf'l ,  using  a  manometric  method,  obtained  an  approximate  Vh  value  of  1 .90  cc  at  75  C  for  a  75 
Pd  +  25  Ag  alloy  (wt  %). 
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18.2.2  THE  ENERGY  OF  THE  ELASTIC  INTERACTION  (Uh)  OF  HYDROGEN  WITH  THE  STRESSED  bcc 
LATTICE 

The  elastic  interaction  energy  is  calculated  from 


(18.5) 


where  K  is  the  bulk  modulus  of  iron,  N  the  Avogadro  number  and  (Vh){  the  increase  in  volume  of  the  system,  as  a 
result  of  the  addition  of  1  gram  atom  of  hydrogen,  causing  a  lattice  strain  C  [3] , 

Supposing  that  ail  interstitial  holes  in  a  volume  corresponding  to  1  gram  atom  of  iron  (Vpg)  are  filled  with 
hydrogen  atoms,  the  isotropic  volume  expension  will  be  3Vh,  because  there  are  3N  interstitial  holes  in  1  gram  atom 
of  bcc  iron.  Therefore,  one  obtains  for  e. 


«  (18.6) 
VFe 

Finally,  by  integration  within  the  limits  between  0  and  €  ,  the  elastic  interaction  energy  for  1  gram  atom  of 
hydrogen,  (U'h  =  NUh)  is  obtained 


U'H=1.5K  (XllL2  (18.7) 

VFe 

where  K  =  1.67  x  10 '2  dynes/cm^  and  Vpe  =  7.1 1  cc.  Under  completely  stress-free  conditions  for  alpha  iron  (zero 
stress,  externally  and  internally),  U'h,0  was  found  to  be  5J  kcal.  For  an  externally  applied  stress  field,  the 
following  relationship  was  established: 

u  H,+<7h  =  (U,H,o+'a)  =  (59.0Ta)  keal/g  atom  of  H  (18.8) 

where  the  numerical  factor  ia  is 


a  =  f(Oh)  (18.8a) 

An  analysis  of  the  values  obtained  for  U  H±<7h,  aBahi  reveals  that  the  hydrogen  solubility  in  the  compressed  lattice  is 
smaller  than  that  in  the  expanded  lattice p) , 

18.2.3  THE  PARTIAL  MOLAR  ENTROPY,  Sh,  OF  HYDROGEN  IN  THE  STRESSED  bcc  LATTICE 

Sh  is  obtained  from  the  differential  effect  of  a  constant  stress,  acting  at  different  temperatures  on  the 
hydrogen  solubility.  The  relationship  between  the  partial  molar  free  energy  G  of  the  two  component  system,  Fe-H, 
and  the  solubility  of  hydrogen  in  gram  atomsP]  can  be  expressed  as  follows: 


(18.9) 
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Sh  is  obtained  from  the  slope  of  a  plot  of  the  right  hand  side  of  equation  18.9  versus  the  temperature.  Pertinent  values 
for  an  uniaxial  stress  of  i  12  kg/mm2,  are 

^H>+0h=  2.16  eu  and  SH.-Oj,  =  2.0  eu  (18.10) 

The  entropy  in  the  compressed  lattice  is  decreasing. 

18.2.4  THE  AVERAGE  HYDROGEN  CONCENTRATION  IN  THE  STRESS  FIELD  OF  AN  EDGE  DISLOCATION 


Rather  involved  calculations  are  based  on  equation  18.^ 


CH,ah=CH,oexp 


(18.11) 


which  had  to  be  integrated  over  the  entire  volume  of  the  stress  field  around  a  dislocation,  because  Oh  depends  oruts 
position  in  this  field.  The  hydrogen  concentration,  an  exponential  function  of  the  binding  energy,  defined  as  -OhVn, 
varies  with  Oh  and  increases  in  a  region  where  this  energy  is  positive.  At  the  dislocation  core,  the  interaction  energy 
was  calculated  to  be  53  kcal/gram  atom,  whereas  in  an  unstrained  lattice  as  given  above,  it  is  59  kcal.  Therefore,  the 
value  for  the  binding  energy  of  hydrogen  at  the  core  is  6  kcal/gram  atom. 

Summarizing  the  above  presented  facts,  it  is  strongly  emphasize^  that  the  electrochemical  permeation 
method  made  possible  the  precise  calculation  of  the  fundamental  constant  Vh>  This  constant  will  be  used  for  the 
determination  of  the  thermodynamic  parameters,  which  now  will  be  applied  to  the  interpretation  of  some  cases  of 
hydrogen  embrittlement. 


18.3  ANALYSIS  OF  SOME  HYDROGEN  EMBRITTLEMENT  PHEMOMENA  IN  HIGH 
STRENGTH  STEEL 

Analyses  of  the  following  three  embrittlement  topics  will  be  discussed  in  the  light  of  the  thermodynamic 
results  presented  above. 

18.3.1  THE  BENEFICIAL  EFFECT  OF  COMPRESSIVE  STRESSES 

Slaughter  et  al(?l  did  not  succeed  in  producing  hydrogen  embrittlement  in  a  steel  beam,  which  contained 
compressive  bending  stresses  in  the  exposed  surface.  Corresponding  results  were  obtained  by  Steigerwald  et  all**]. 
Jankowsky[9]  introduced  compressive  stresses  into  a  steel  surface  by  shot  peening  or  bending,  which  rendered  the 
high  strength  material  resistant  to  plating  embrittlement.  McBrcenI  1°)  using  the  electrochemical  permeation 
method  with  shot  peened  membranes  obtained  the  results  presented  in  Figure  18.2.  which  strongly  support 
Jankowsky’s  findings.  The  graph  indicates  markedly  reduced  steady  state  permeation  currents,  recorded  on  the 
peened  membrane,  as  compared  with  those  on  the  unpeened  surface.  In  addition,  shot  peening  slows  down  build-up 
and  decay  of  the  hydrogen  permeation  transient.  The  decrease  in  hydrogen  solubility,  a  result  of  the  compressive 
stresses  acting  on  the  lattice,  is  indicated  by  a  more  positive  interaction  energy,  and  a  decreasing  entropy. 

Generally  speaking,  the  system  under  compression  is  in  a  less  active  energy  state  than  a  system  under 
tension  and  thus  hydrogen  absorption  and  subsequent  hydrogen  embrittlement  are  minimized. 

Finally,  it  is  instructive  to  compar  the  above  results  on  shot  peened  surfaces  with  those  on  cold  rolled 
Artnco  iron,  recently  reported  by  Nani3, 1 1 1 1 .  The  data  show  good  qualitative  agreement  as  would  be  expected.  The 
delay  in  build  up  and  decay  of  the  permeation  transients  is  much  more  marked  on  the  cold  deformed  specimens  than 
on  those  with  shot  peened  surfaces.  It  is  inferred  that  the  reason  for  the  increased  delay  lies  in  the  fact  that  the  inter¬ 
action  energy  of  hydrogen  becomes  less  positive  and  its  entropy  in  the  lattice  more  positive  in  a  system  subjected  to 
severe  plastic  defoimation  than  to  shot  peening. 

18.3.2  THE  BENEFICIAL  EFFECT  OF  A  PLASTIC  PRESTRAIN 

Figure  18.3  shows  a  steep  increase  in  the  lower  critical  stress!  ‘2]  with  increasing  degree  of  prestraining,  it 
is  well  known  that  cold  deformation  gives  rise  to  an  increase  in  the  density  of  lattice  imperfections  and  therefore, 
loss  restricting  positions  are  provided  for  occupancy  of  hydrogen  atomsU-3),  Thus,  when  compared  with 
unprestrained  steel,  the  hydrogen  solubility  in  the  plastically  deformed  material  is  increased,  the  interaction  energy 
becomes  less  positive,  the  entropy  is  increased  (becomes  more  positive)  and  the  susceptibility  to  hydrogen  embrittle¬ 
ment  is  reduced  accordingly, 
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Fig.  18.2  ~  Effect  of  a  compressive  surface  stress  (shot 
peening)  on  hydrogen  permeation  currents  Armco  iron 
(0.77  mm),  surface  shot  peened  to  full  coverage. 
Electrolyte  0.  IN  NaOH  +  0.  IN  NaCN. 


Fig.  18.3  -  Effect  of  a  plastic  prestrain  on  lower  critical 
stress  of  a  sharply  notched  A  iSi  4340  steel  tension 
specimen  (UTS  240  ksi).  After  prestraining,  charged  in 
1.5N  H2SO4  at  3  mA/cm2  for  5  min.  Normalization  of 
hydrogen  distribution  by  5  min,  aging  at  ambient 
temperature. 


The  suitability  of  the  thermodynamic  theory  for  an  explanation  of  the  effect  of  rather  complex  mechanical 
processes  on  hydrogen  embrittlement  is  demonstrated  by  recently  published  results.  Uhlig  et  all  14]  reported  about 
the  marked  enhancement  of  the  resistance  to  cracking  of  intensely  cold  deformed  and  hydrogen  charged  specimens, 
stressed  parallel  to  the  direction  of  rolling  of  low  carbon  martensitic  iron  alloys  containing  10  to  19  per  cent  nickel. 

The  authors  of  this  book  explain  this  effect  considering  the  same  thermo'dynamic  parameters,  which  were 
used  above  for  the  interpretation  of  the  beneficial  effect  of  a  plastic  prestrain.  It  is  remarkable  that  the  cracking  time 
increased  rapidly  with  increasing  intensity  of  cold  working,  despite  the  progressively  increasing  hardness. 

The  rapidly  increasing  failure  time,  measured  by  Bates!  15]  on  USS  18-2-2  stable  austenitic  steel  between 
10  and  20  per  cent  cold  reduction,  produced  after  a  heat  treatment  of  1800  F,  when  discussed  in  view  of  a  hydrogen 
induced  failure,  is  explained  also  by  the  same  mechanism.  The  initial  decrease  in  fracture  time  indicates  that  the 
minimum  degree  of  cold  deformation  must  be  greater  than  10  per  centi.e„a  minimum  degree  of  lattice  compression 
is  required  to  make  this  mechanism  applicable.  The  strongly  acidic  reaction  near  the  crack  tip  and  crack  surface 
recently  determined  by  various  investigators]  16- 18]  on  stainless  steel  after  testing  iri  the  conventional  MgC!2 
solution  under  standard  conditions  of  stressing,  makes  a  hydrogen  embrittlement  mechanism  entirely 
comprehensible.  Bates  used  the  same  test  for  his  studies. 


18.3.3  HYDROGEN  INDUCED  DELAYED  FAILURE 

A  hypothesis  advanced  by  Troianoil^l  explains  to  a  remarkable  degree  complex  delayed  failure 
pnenomena  induced  by  hydrogen.  The  salient  point  in  this  hypothesis  is  the  stress  induced  flux  of  hydrogen  atoms 
into  and  their  accumulation  in  areas  of  high  stress  concentrations.  Unfortunately,  there  is  a  gap  between  the 
practical  usefulness  of  this  postulate  and  the  fact  that  its  mechanism  is  not  well  understood.  However,  the  authors 
consider  that  this  gap  is  narrowed  by  (he  thermodynamic  results  obtained  in  this  study. 

The  driving  force,  brought  about  by  the  difference  between  the  interaction  energy  of  hydrogen  in  the 
unstrained  lattice  and  that  in  a  dislocation  field,  especially  at  the  core  of  an  edge  typo  dislocation  is  sufficiently  groat 
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to  initiate  a  diffusive  flux  of  hydrogen  atoms  into  the  core[20] .  in  addition,  a  value  of  6  keal/gram  atom  represents 
a  high  binding  energy  of  hydrogen  atoms  in  the  core  of  the  dislocation.  For  dislocation  densities  of  109/cm2,  which 
may  be  attained  easily  in  areas  of  high  triaxiality,  it  was  computed  that  at  the  same  fugacity,  the  average  solubility 
of  hydrogen  is  increased  about  75  times  above  that  in  areas  with  dislocation  densities  much  lower  than  given 
above  [3],  The  above  presented  results  place  Troiano’s  postulate  of  the  inducement  of  delayed  failure  by  hydrogen 
on  a  thermodynamically  sound  basis. 
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CHAPTER  19 

INTERPRETATION  OF  SOME  HYDROGEN  EMBRITTLEMENT 
INHIBITION  CONTROLLING  VARIABLES;  ULTRASONIC  FIELD, 
SURFACE  ACTIVE  AGENTS  AND  PEROXIDES 

In  this  section  an  attempt  is  made  to  show  that  apparently  totally  unrelated  topics,  such  as  the  inhibition  of 
plating  and  pickling  embrittlement  in  an  ultrasonic  field  by  certain  surface  active  organic  agents  and  hydrogen 
peroxide  (H2O2)  can  be  explained  by  the  logical  connection  to  inhibition  controlling  variables. 


19.1  INHIBITON  OF  PICKLING  AND  PLATING  EMBRITTLEMENT  IN  AN  ULTRASONIC 
FIELD 


MeelU  showed  that  plating  and  pickling  embrittlement  are  effectively  retarded  by  ultrasonic  vibrations. 
Pertinent  results  are  pictured  in  the  bar  diagram,  Figure  19.1.  The  beneficial  effect  is  seen  to  be  true  in  the  severe 
case,  where  two  embrittling  procedures  are  performed  sequentially,  thus  enhancing  the  conditions  to  induce 
embrittlement,  for  example,  pickling  followed  by  cadmium  plating.  Asa  result  of  this  beneficial  effect,  an  answer  to 
the  questions  of  the  parameters,  which  control  this  type  of  embrittlement  protection  becomes  important. 

Useful  information  may  be  obtained  from  investigations  conducted  by  Yeagerl-1  in  the  field  of 
acousto-electrochemical  effects  in  electrode  systems.  This  investigator  proved  that  ultrasonic  vibrations  decrease  the 
hydrogen  overvoltage  when  compared  with  measurements  obtained  when  polarization  is  performed  only  with 
hydrogen  gas  stirring.  The  following  modified  Tafel  plot.  Figure  19.2,  shows  the  decrease  in  hydrogen  overvoltage  on 
specimens  polarized  at  different  current  densities. 
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Fig,  19. 1  -  Effect  of  an  ultrasonic  field  on  acid 
pickling  (5%  HCI  for  3  min)  and  on  acid  pickling 
followed  by  cyanide  cadmium  plating.  UTr  -f 
steel  substrate  130  tons/in2  (291  ksi).  Caiput 
of  ultrasonic  generator  60  watts,  frequency  40  kc/sec. 
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Fig.  19.2-  Modified  Tafel  plot  showing  decrease 
in  overvoltage  in  an  ultrasonic  field.  Electrolytic 
solution  ■  IN  H2SO4  at  2SC.  Acoustical  intensity 
1  watt/cm?;  frequency  300  kc/sec. 


The  beneficial  effect  of  the  ultrasonic  field  may  be  interpreted  in  the  light  of  the  retardation  of  the 
diffusion  rate  of  the  embrittling  hydrogen  atoms  into  steel,  as  a  result  of  the  ultrasonically  disturbed  hydrogen 
coverage.  Also,  tt  has  been  shown  that  the  acoustical  intensity  has  a  marked  effect  on  hydrogen  absorption  I -T4] . 

Another  plausible  explanation  of  the  beneficial  effect  of  the  ultrasonic  vibrations  may  be  based  on  the 
sonochcmicai  formation  of  H2O2  by  recombination  of  hydroxyl  (OH )  groups  following!5!  the  dissociation  of  IbO 
in  cavitation  bubbles.  Though  H2O  formation  was  obseived  predominantly  in  oxygen  saturated  water,  it  may  he 
expected  that  small  quantities  ol  this  substance  are  formed  in  water  with  the  dissolved  oxygen  in  equilibrium  with 
the  partial  pressure  of  oxygen  in  the  atmosphere.  It  will  be  shown  in  a  following  section,  that  peroxide 
concentration  as  low  as  0.05  molar  is  sufficient  to  inhibit  the  formation  office  hydrogen  atoms.  It  is  quite  possible 

that  the  beneficial  effect  of  the  ultrasonic  vibrations  is  brought  about  by  a  joint  action  of  mechanical  and  chemical 
effects. 
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19.2  INHIBITION  BY  INCREASING  THE  HYDROGEN  BARRIER  EFFECTIVENESS  OF  THE 
PLATING  BY  GRAIN  REFINEMENT 

In  addition  to  the  electrochemical  effect  of  the  ultrasonic  field,  another  factor  must  be  taken  in 
consideration.  Devanathan,  Beck  and  Stachurski[6]  observed  that  during  cyanide  cadmium  plating  two  time  periods 
should  he  distinguished.  The  initial  short  period  of  plating  when  the  number  of  hydrogen  atoms  introduced  into  a 
steel  substrate  is  high.  The  following  (second)  period,  when  the  number  of  hydrogen  atoms  which  can  diffuse  into 
the  basis  metal  is  comparatively  small,  because  of  the  increased  barrier  effectiveness  of  the  thickening  plating.  If  the 
embrittlement  fate  of  the  steel  substrate  is  completely  determined  within  the  initial  plating  period;  embrittlement 
inhibition  would  be  controlled  completely  by  the  electrochemical  mechanism.  However,  even  when  only  a  small 
number  of  hydrogen  atoms  diffuses  into  the  steel  substrate  during  the  second  period,  they  also  become  involved  in 
the  generation  of  embrittlement.  In  this  case,  the  electrochemical  mechanism  may  be  supplemented  as  follows:  It  is 
well  known  that  the  refined  grains,  obtained  by  cadmium  plating  from  a  brightener  containing  bath,  ensure  a  much 
higher  barrier  effectiveness  than  b,  plating  from  a  bath  free  of  brighteners  (dull  porous  cadmium  plating).  The 
additional  protection  against  embrittlement  may  then  be  explained  by  a  further  reinforcement  of  the  cadmium 
barrier,  caused  by  the  grain  refinement  due  to  the  electro  deposition  of  the  metal  in  the  ultrasonic  field  { T 1 . 

19.3  INHIBITION  OF  PICKLING  EMBRITTLEMENT  BY  SURFACE  ACTIVE  AGENTS 

Acids,  when  used  as  pickling  agents,  may  cause  hydrogen  embrittlement  of  high  strength  steels.  Since 
pickling  is  an  important  operation,  it  is  imperative  that  embrittlement  be  reduced  as  much  as  possible.  Although 
Zapffe  discovered  that  nonionic  polymers  such  as  polyethylene  glycol  and  Carbowax  markedly  reduce  pickling 
embrittlement,  he  did  not  propose  a  mechanism  which  controls  this  useful  reaction (8) . 

An  attempt  will  be  made  to  disentangle  the  complex  mechanism  which  controls  inhibition  of  pickling 
embrittlement  by  these  substances  by  an  analysis  of  the  effects  of  concentration  and  chain  length.  The  results  by 
Zapffe,  plotted  in  Figure  19,3  indicate  an  exponential  increase  of  the  effectiveness  of  the  addition  agents  with 
increasing  concentration  and  molecular  weight.  The  curves  illustrate  that  adsorption  is  involved  in  the  process  of 
embrittlement  inhibition.  Because  of  the  small  quantity  of  molecules  adsorbed,  the  total  concentration  of  the 
adsorbate  in  solution  is  considered  to  have  changed  only  very  little  after  adsorption  equilibrium  has  been  attained.  It 
is  further  assumed  that  a  pickling  lime  of  15  minutes  at  77  C  ensured  a  steady  state  of  embrittlement  and  also 
indicated  attainment  of  the  adsorption  equilibrium. 


Solution  concentrotion  of  inhibitor  {wtV. ) 

Fig.  19.3  ~  Effect  of  non-ionic  addition  agents  on  pickling  embrittlement  of  patented  steel 

wire  (SAE  1020  steel,  UTS  182  ksi).  Pickled  in  IN  H2SO4  for  15  min.  at  77  C. 
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The  log-log  plot.  Figure  19.4  depicts  a  linear  relationship  between  increasing  immunity  to  embrittlement 
and  chain  length.  This  relationship  is  considered  to  offer  strong  evidence  that  inhibition  is  controlled  by  adsorption 
of  molecules  of  the  organic  addition  agent  on  active  sites.  The  very  effective  inhibition  by  Carbowax  also  supports 
the  adsorption  hypothesis,  because  the  relatively  high  effectiveness  of  this  substance,  is  attributed  primarily  to  the 
presence  of  highly  polar  groupings  in  the  hydrocarbon  structure. 


Fig.  19.4  -  Effect  of  molecular  weight  ( chain  length)  and  solution  concentration  of 
poiyethylensglycol  on  its  surface  concentration  (log- log  presentation)  as  related  to 
reduction  of  hydrogen  embrittlement.  Patented  steel  wire  (SAE  1020  steel.  UTS  182  ksi). 
Pickled  in  IN  H2SO4  for  15  min.  at  77  C. 


The  analysis  of  the  process  of  inhibition  ofhydrogen  embrittlement,  performed  so  far  was  thermodynamic 
in  nature,  because  it  elucidated  only  the  role  of  adsorption.  As  to  the  kinetic  step  in  the  group  of  reactions,  it 
appears  only  logical  to  Infer  that  it  is  related  to  the  process  of  hydrogen  generation.  If  the  active  sites  are  equaled 
with  the  anodic  areas,  the  hydrogen  evolution  reaction  and  hence  hydrogen  embrittlement  are  retarded  as  a  result  of 
preferential  adsorption.  This  assumption  is  strongly  supported  by  results  recently  published  by  Hudson  and 
RicdyM.  These  investigators  studied  the  retardation  of  hydrogen  absorption  In  steel  by  addition  of  surface  active 
agents  such  as  acetylenic  alcohols  and  -diols  to  dilute  sulfuric  acid,  They  showed,  by  extraction  analysis,  that  in 
numerous  eases  doercasod  hydrogen  absorption  was  associated  with  the  degree  of  retardation  of  the  iron  dissolution 
rate. 

Very  recently,  Cornet  and  Fucrslenaul  10]  found  by  corrosion  current  measurements  an  increase  in 
inhibition  of  iron  corrosion  with  increasing  chain  lengths  of  the  surfactants  in  solution.  Finally  Beloglavtol  1 1 1 
presented  important  evidence  that  both  embrittlement  inhibition  and  rate  of  iron  dissolution  in  sulfuric  acid 
solutions  containing  aromatic  amines,  are  determined  by  the  strength  of  the  chemical  bond  between  adsorped  amino 
groups  and  active  sites,  which  is  dependent  on  the  electron  density  around  the  nitrogen  atom.  For  corrosion 
inhibiting  substances  which  promote  hydrogen  introduction  Into  the  steel,  the  above  discussed  relationship  between 
hydrogen  absorption  and  dissolution  rate  docs  not  hold  true  1 121. 


19.4  INHIBITON  OF  HYDROGEN  EMBRITTLEMENT  BY  HYDROGEN  PEROXIDE  {H2O2) 

It  was  found  at  the  Electrochemistry  laboratory  at  the  Naval  Air  Development  center!  I  -M  that  small 
amounts  of  hydrogen  peroxide  added  to  acid  or  cathodic  pickling  solutions  effectively  reduced  embrittlement 
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effects  in  steels.  To  secure  more  information  about  the  mechanism  which  controls  this  phenomenon  polarization 
potential  as  well  as  bend  ductility  measurements  were  made  on  steel  specimens  which  were  charged  cathodically  in 
sulfuric  acid  containing  hydrogen  peroxide. 

Pertinent  results  are  plotted  in  Fig.  19.5.  The  strongly  negative  potential  of  the  iron  electrode  immersed  in 
the  acid  rapidly  shifts  in  more  positive  direction  with  increasing  concentration  of  added  peroxide.  This  shift  is 
accompanied  by  a  progressive  and  drastic  reduction  in  embrittlement. 


Concentration  of  HjOj , motes/  liter 
immediately  after  addition  to  01  motor  HjSC^ 


Fig,  19.5  -  Effect  of  hydrogen  peroxide  additions  on  bend  ductility  and  polarization 
potential.  AISI  1070  steel,  cathodically  charged  at  50  mA/cm 2.  Rato  of  bending  0.020  cm/min. 


The  very  smull  electrochemical  effect  of  the  species. 

HiO,  H3OM  und  0>  (formed  by  catalytic  decomposition  of  peroxide) 


present  in  the  sulfuric  acid  containing  peroxide,  used  for  pickling,  makes  it  possible  to  restrict  the  analysis  to  the 
effect  of  the  peroxide  on  the  hydrogen  evolution  kinelicsPM.  The  rapid  positive  shift  of  the  potential,  clearly 
indicates  progressive  retardation  of  the  hydrogen  evolution  reaction.  Finally,  at  potentials  which  ate  sufficiently 
more  positive  Hum  the  potential  of  the  reversible  normal  hydrogen  electrode,  the  hydrogen  evolution  reaction 
should  lie  arrested,  The  disappearance  of  hydrogen  embrittlement  in  the  range  of  these  potentials  offers  convincing 
evidence  of  the  validity  of  the  suggested  electrochemical  process.  The  high  positive  value  (+  1.77  volt  vs.  NlUiluf 
the  standard  redox  potential  of  the  reaction* 

H ■>()•)+ 2c  '  -  201F  <RI) 

<•  <•  v 

within  the  maximum  possible  value  of  the  limiting  diffusion  current  for  the  IbOj  species,  explains  the  extinction  of 
(lie  hydrogen  evolution  reaction  which  Is  noted  at  about  0.5  moles/liter  of  peroxide!  . 

It  may  be  expected  that  not  only  pickling  but  also  plating  embrittlement  is  mimmt/ed  by  peroxide  addition 
to  the  bath.  A  good  example  is  the  drop  in  embrittlement,  achieved  by  addition  of  titanium  compounds  and 
hydrogen  peroxide  to  the  conventional  cyanide  cadmium  hath  PM.  us  mentioned  in  the  section  dealing  with 
modified  cadmium  plating  baths  (Chapter  lb).  Jankowskyl  l(,j  discovered  that  the  lower  critical  stress,  on  high 

•Though  the  kinetic  parameters  necessary  for  complete  description  of  the  reduction  mechanism  of  hydrogen  peroxide 
on  steel  cathodes  are  not  available  as  yet.  the  above  suggested  mechanism  gives  a  good  ir.sight  into  the 
electrochemical  variables  which  control  the  marked  reduction  in  hydrogen  embrittlement. 
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strength  AISI  4340  steel  plated  from  the  conventional  cyanide  cadmium  bath  was  about  30  per  cent  below  that 
obtained  in  the  titanium  containing  bath.  One  school  of  thought  explains  this  beneficial  effect  is  due  to  gettering 
action  of  the  deposited  titanium  which  results  in  a  decrease  of  hydrogen  pick-up  by  the  substrate.  Another  proposed 
explanation  infers  that  a  portion  of  the  hydrogen  evolved  on  the  cathode  is  used  in  the  reduction  of  Ti02,  which  is 
added  or  formed  in  the  plating  bath.  The  necessity  of  the  continual  addition  of  peroxide  to  the  bath,  in  order  to 
maintain  a  constant  level  of  titanium  concentration,  makes  it  possible  to  replace  the  above  mentioned 
thermodynamic  but  highly  improbable  hypothesis  by  the  same  peroxide  mechanism  discussed  above. 

In  context  with  the  peroxide  reduction,  the  following  observation  is  worthwhile  mentioning!  13) .  The  large 
hydrogen  gas  bubbles  produced  during  steel  pickling  in  a  dilute  sulfuric  acid  solution  are  immediately  replaced  by 
innumerable  tiny  bubbles  after  addition  of  a  small  concentration  of  peroxide.  The  evolution  rate  of  these  bubbles 
becomes  so  violent,  that  they  form  a  turbid  emulsion  in  the  acid.  Gas  analysis,  proved  that  the  evolved  gas  is  not 
hydrogen  but  primarily  oxygen.  Oxygen  is  not  only  generated  in  the  catalytic  decomposition  of  the  peroxide  1 1  ? ] 
but  probably  also  in  side  reactions  associated  with  the  reduction  of  the  H2O2  molecule. 

Favorable  results  with  peroxide  were  obtained  also  with  the  cathodic  pickling  in  a  dilute  NaOH  solution  l '  4] . 
In  every  type  of  pickling  the  commercial  33  per  cent  peroxide  solution  can  be  replaced  to  advantage  by  the  more  stable 
organic  peroxides  such  as  Lupersol  101  and  di-t-butyl  peroxide  (produced  by  the  Lucidol  division  of  Wallace  and 
Ticrnan,  Buffalo,  N.Y.). 
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CHAPTER  20 


THE  ROLE  OF  CN  AND  OTHER  SURFACE  ACTIVE  ANIONIC  GROUPS 
IN  TH^:  PROMOTION  OF  HYDROGEN  EMBRITTLEMENT  OF  STEEL 


h  is  evident  that  there  is  no  hydrogen  evolution  reaction  when  plating  from  br  .hs  with  100  per  cent 
efficiency,  and  hence  hydrogen  embrittlement  is  eliminated.  Non-aqueous  plating  baths  approaching  this  efficiency 
are  described  in  Chapter  16.  It  might,  therefore,  be  expected  that  by  improving  plating  efficiency,  hydrogen 
embrittlement  would  be  minimized.  A  good  example  is  the  cadmium  fiuoborate  bath  having  a  plating  efficiency 
greater  than  95  per  cent,  experimental  results  indicate  that  hydrogen  embrittlement  is  reduced  considerably,  as 
compared  with  that  of  the  cyanide  bath  with  an  efficiency  of  only  about  85  per  cent.  Another  instructive  example  is 
the  favorable  result  when  cadmium  is  plated  from  amino  acid  baths  with  efficiencies  approaching  100  per  cent. 
However,  when  silver  is  plated  from  the  cyanide  bath,  a  classical  example  of  a  bath  working  with  an  efficiency  close 
to  100  pet  cent,  high  strength  steel  becomes  badly  embrittled  (see  chapter  on  plating  embrittlement).  In  this 
context,  it  appears  worthwhile  mentioning  that  unpublished  results  obtained  in  this  laboratory  show  that  addition  of 
KCN  to  the  cadmium  fiuoborate  bath,  in  low  concentrations  which  did  not  decrease  its  high  efficiency,  markedly 
increases  embrittlement  of  a  high  strength  steel  substrate.  It  is  a  general  rule  that  hydrogen  embrittlement,  induced 
in  steel  by  plating  from  a  CN  containing  bath,  regardless  of  the  nature  of  the  cation,  markedly  exceeds  that 
produced  by  plating  from  a  C  N  freo-or  an  acidic  bath.  These  examples  show  clearly  that  plating  efficiency  cannot  be 
the  only  embrittlement  controlling  variable.  Baths  containing  cyanide  as  the  complexing  agent  are  used  extensively 
because  of  their  superior  plating  properties,  but  production  of  embrif  lenient  is  a  very  serious  handicap  when  high 
strength  steels  are  plated. 

Due  to  lack  ‘n  knowledge  about  the  mechanism  which  determines  embrittlement  stimulation  by  the  CN" 
group,  different  steps  were  taken  to  avoid  this  disadvantage.  Suggestions  were  made  to  eliminate  !' tighteners,  to  use 
unusual  plating  currents  and  addition  agents  or  to  reduce  the  concentration  ol  cyanide  below  that  necessary  for  the 
deposition  of  a  good  plating.  All  these  recommendations  were  offered  with  the  goal  to  improve  plating  efficiency, 
However,  as  was  expected,  minimization  of  embrittlement  damage  by  plating  from  these  modified  barbs,  was  only 
marginal.  A  \eak  through  in  litis  critical  situation  was  made  by  fleck  in  collaboration  with  Glass  and  Taylor!  I  ’) 
and  with  Devanathan  and  .Stacluinkil-’.^l  who  secured  conclusive  information  about  the  complex  processes  which 
arc  involved  m  the  promotion  of  embrittlement  by  CN  action. 

Beck  and  Glass  determined  the  adsorbance  of  CN  and  other  complexing  groups  which  can  be  used  in 
cadmium  plating  baths! ‘I .  lire  mhomogenous  nature  or  the  steel  surface  along  with  the  scarcity  of  experimental 
data,  only  made  possible  a  rather  preliminary  analysis  of  the  ride  of  adsorption  of  certain  species  e  g..  CN'  or  an 
anuno  acid  group  m  the  hydrogen  embrittlement  of  steel 

The  main  effort  was  directed  toward  establishing  an  adsorption  isotherm.  Also  in  these  experiments  the 
steady  state  surface  concentration  <>t  the  respective  'species  is  extremely  small  as  compared  with  die  initial 
concentration  of  the  respective  adsorbates.  Thus,  the  use  ot  the  initial  concentrations  for  calculations  introduces  a 
negligible  error.  The  quantity  of  (he  adsorbate,  accumulated  on  the  steel  surface  with  and  without  cathodic 
polari/alinn.  OI  removed  by  desorption,  was  determined  by  appropriate  radioactive  counting  techniques  using  CK 
Adsorption  isotherms,  rcuudcd  at  different  temperatures  arc  presented  in  fig  '0.1.  As  can  be  seen  at  the  same 
concentration  of  me  solute,  the  surface  concentration  of  CN  exceeds  that  of  the  ammo  acid  group  markedly 
Adsorption  equilibrium  Is  approached  at  cyanide  concert  l  fat  ions  as  low  as  !  Osmolar  In  contrast  the  isotherm  for 
the  amino  scid  does  not  even  approach  a  steady  state  at  concentrations  as  high  as  0.1  molar 

Beck  cl  all  *  I  determined  a  much  greater  adsorption  rale  and  differential  heat  ol  adsorption  lor  t;  •  CV  as 
compared  with  that  for  the  d,  I  Ot  -amino-n-bulync  add  anomic  group.  The  desorption  rale  of  (  N  !■ 
hydroxide  solution  was  slow  and  desorption  was  incomplete.  Whereas,  the  surface  coverage  lot  the  amino  acid  group 
was  incomplete  and  in  no  case  did  it  approach  a  monolayer  as  with  CN  . 

In  summary,  there  can  he  no  doubt  that  the  CN“as  well  as  ilu-  Clf  fi  IbCHtMhK  (K)  group 
prevailing  m  the  strong))  antnioniacal  solution,  arc  adsorbed  on  die  steel  surface  during  cathodic  poian/iinm  I  nun 
their  calculations!  ~  I .  Heck  ct  al  concluded  dial  the -CN- was  directly  attached  to  the  active  'ties  by  a  strong 
covalent  bond,  whereas  the  ammo  acid  group  was  only  weakly  attached  to  a  small  portion  of  them  either  bs 


coordinate  or  hydrogen  bonding.  The  marked  adsorption  of  the  CN*  stems  partially  from  the  extraordinarily  high 
dipole  moment  associated  with  the  -CN-  grouping.  The  nature  of  the  strong  bond  to  the  active  sites  on  the  iron 
surface  and  the  high  heat  of  adsorption,  may  be  explained  by  the  resonating  structures,  postulated  for  the 
ferrocyanide  ions  [Fe(CN)6]  -4  by  Paulingl^l.  These  complex,  stable  structures  resonating  with  each  other  contain 
all  of  the  CN  groups,  strongly  attached  to  the  central  iron  atoms  by  the  same  type  of  bond  which  is  part  ionic,  in 
part  a  a  bond  and  a  it  bond.  According  to  Pauling’s  theory  of  chemical  bonding,  because  of  the  high  heat  of 
sublimation  of  iron,  the  strength  of  the  Fe-H  bond  should  even  exceed  that  of  the  strong  Ni-H  bond. 

Hydrogen  permeation  currents  recorded  in  a  number  of  solutions  are  reproduced  in  Figure  20.2.  The  order 
of  magnitude  of  the  steady  state  values  of  these  currents  (3 1 ,  which  indicate  constant  hydrogen  coverage  inCN*  and 
amino  acid  containing  solutions,  compare  favorably  with  their  degree  of  adsoiption. 


01  mol  NoOH  ioi 
containing  hoCN 


OIN  NoOH  +0I7N  NoCN  pH  12 


-S4M  NH4OH  +  O.2M  amino  butyric  aeid  pH  11.8 
Acttott  buffar  pH  3.6 


iff  lO'1  to71  KT 

Solution  cone  o'  oOOiiion  ogtnt 
mol«/lit«r 


' — SAT  ammonium  lluotxyqt#  sol’n  pH  31 
s'  OIN  NaOH  pH  12 


Pet Hipotion  time, seconds 


Fig  20.1  -Log-tog  presentation  of  adsorption  isotherms  Fig.  20.2  -  A  comparison  of  steady  state  hydrogen 


for  NaCN  and  an  amino  acid  on  steel  at  different 
temperatures.  Specimens  polarized  cathodkatiy 
at  tOmA/uiA 


permeation  currents  for  different  solutions 
fpH3. 1  to  12.0).  The  permeation  current  is  a  function  of 
the  hydrogen  coverage  and  the  degree  of  adsorption  of  the 
solution  consitvents.  Polarizing  current 
density  8  mA/cm 2. 


The  relative  high  hydrogen  coverage  of  the  steel  electrode  in  the  cyanide  solution!*)  could  be  achieved  by  a 
retardation  of  the  recombination  rate  of  hydrogen  ad  atoms.  If  this  is  true,  it  should  be  Indicated  by  an  increased 
ovorpotoiitial.  Ovorpotcntial  measurements  would  therefore  be  of  great  help  in  the  establishment  of  the  mechanism 
which  controls  the  CN'  induced  promotion  of  hydrogen  embrittlement. 

Results  of  direct  overpotential  measurements  are  reproduced  in!  1 1  Figure  20.3.  Here,  the  difference 
between  the  steady  state  polarization  iwlcntlal  in  a  NaOH  solution  and  a  NaOH  solution  containing  an  addition 
agent.  NaC’n.  is  considered  to  Ire  a  measure  of  the  over  pot  entialtbl.  The  curve  indicates  increasing  hydrogen 
coverage  with  increasing  solution  activity  of  cyanide. 


000?  OOJ  0? 
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Fig.  20.3-  Effect  of  NaCN  concentration  on  overvoltage. 
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The  results  of  indirect  overpotential  measurements,  pictured  in  Figure  20.4  agree  well  with  those  obtained 
by  the  direct  method.  The  indirect  method  consists  of  making  potential  measurements  in  the  solvent  and  the  solvent 
containing  the  amino  acid  or  NaCN  at  the  end  of  a  10  minute  polarization  period  (current  density  10  mA/cm2). 
Plotted  are  the  corresponding  fracture  deflections [2].  The  data  demonstrate  impressively  the  close  relationship 
between  hydrogen  surface  coverage  as  indicated  by  the  overpotential  and  hydrogen  embrittlement  (see  Chapter  2, 
is  the  difference  between  the  potential  of  the  solvent  and  amino  acid  or  NaCN  as  clearly  depicted  in  Fig.  20.4.  Also 
plotted  are  the  corresponding  fracture  deflections  [2] .  The  data  demonstrate  impressively  the  close  relationship 
between  hydrogen  surface  coverage  as  indicated  by  the  overpotential  and  hydrogen  embrittlement  (see  Chapter  2, 
section  2.2.3). 
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Fig  20.4  -  Data  showing  cfose  connection  between  overpotential  (indicating  hydrogen 
surface  coverage )  and  hydrogen  embrittlement. 


The  mechanism  which  determines  the  generation  of  hydrogen  atoms  on  cathodic  surfaces,  in  prcxonco  of 
adsorbed  surface  active  species!  U  and  the  subsequent  introduction  of  hydrogen  atoms  into  the  steel  substrate,  will 
now  be  discussed.  Since  strongly  alkaline  solutions  have  a  negligible  hydrogen  activity,  it  is  inferred  that  tiie  first 
step  in  the  reaction  of  generation  of  atomic  hydrogen  Is  the  protonic  discharge  of  water  molecules: 

2H20  +  2e~  -  2H  ♦  20H  “  ( 20  I ) 

Under  Idealized  conditions,  the  total  area  of  the  surface  of  the  iron  electrode,  involved  in  the  adsorption  of 
hydrogen  may  be  divided  as  follows: 

Fc  °  £  FeA  t  v  FcB  (20.2) 

Fell  yiejj  are  assumed  to  be  in  a  highly  active  energy  state  as  compared  with  FcA  sites.  Because  of  the  comparatively 
low  order  of  the  hydrogen  overvoltage  on  iron  (Figures  20.3  and  20.4)  it  is  further  concluded  that  hydrogen 
evolution  reaction  (HliR)  is  the  result  of  a  slow  desorption  step,  coupled  with  a  fast  Tafcl  recombination.  This 
reaction  will  proceed  predominantly  on  the  FcO  sites,  where  the  heat  of  hydrogen  adsorption  Is  high.  The  steps 
leading  to  HER.  may  then  be  designated  as: 

2  Fe«  +  2H  -  2Fe»  -  H  -  2F<?B  +  H;  ( 20.3) 

When  k  signifies  the  rate  constant  for  the  recombination  reaction  in  electrical  units.  f'Ha^  the  surface 
concentration  of  the  hydrogen  adatoms  and  ie  the  constant  density  of  the  polarizing  current,  the  following 
relationship  holds  true: 

k  a  f20.4) 

However,  when  CN  is  present  and  because  of  its  strong  preferential  adsorption,  the  number  of  active  sites  still 
available  for  hydrogen  adsorption  is  reduced  drastically.  The  activation  energy  for  hydrogen  recombination  is 
increased,  and  the  rate  of  the  rocumbination  reaction  retarded  accordingly.  At  constant  density  of  the  polarizing 
current,  ic,  the  surface  concentration  of  hydrogen  adatoms,  must  increase  in  order  to  compensate  for  the 
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decrease  in  the  rate  constant  k.  According  to  the  diffusion  laws,  the  quantity  of  hydrogen  absorbed  in  the  steel 
structure  during  unit  time  is  proportional  to  Ch2(js.  By  increasing  this  concentration,  the  velocity  of  migration  of 
the  embrittling  hydrogen  atoms  into  the  steel  is  increased  and  thus  conditions  are  created  which  are  most  favorable 
for  the  promotion  and  production  of  hydrogen  embrittlement. 

Beck  et  alUi  interpreted  the  effect  of  adsorbed  CN  groups  on  hydrogen  overvoltage  and  hydrogen 
recombination  in  the  light  of  Frumkin’s  theory  of  the  retarded  hydrogen  discharge.  Specifically  adsorbed  anions 
render  the  ip'  potential  more  negative.  This  is  the  potential  of  the  external  Helmholtz  layer,  which  corresponds 
to  the  mean  value  of  a  potential  in  the  distance  of  one  ionic  radius  from  the  electrode  surface.  Replacing  equation 
20.4  by  equation  20.-5,  one  obtains  again  for  ic  the  condition  of  generation  of  hydrogen  atoms  by  protonic 
discharge : 


ic  =  KaH20  e*P-  (-ttF  [<p  - ip'} /RT) 


(20.5) 


where  K  is  the  rate  constant  for  the  hydrogen  evolution  reaction,  a,  the  activity  of  the  respective  species,  tt ,  the  ir 
electronic  charge  and  <f>  ,  the  electrochemical  potential.  One  obtains  the  following  expression  for  the  overvoltage, 
7?H,on  an  electrode,  partially  covered  with  preferentially  adsorbed  CN 


nu  =  arK!.  -  41'  --EI  -t n  (OH")  +  RI  t  nic 

H  CN  p  Qip 


(20.6) 


and  from  this  equation. 
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na, 


pH.i, 


c  — 


PH,  »c 


y-  CN  J  \^d*'naC  nJ'  '  *20,7) 

The  value  of  t?h  increases  with  increasing  \p'  potential,  which  is  caused  by  increasing  adsorption  of  CN  as  a  result  of 
increased  solution  activity  of  this  group.  These  facts  explain  the  overvoltage  results  plotted  in  Figs.  20.3  and  20.4. 

As  can  be  concluded  from  equation  20.5,  the  rate  of  the  hydrogen  evolution  reaction  depends  on  the  term 
<J>  -  0'on  which  depends  the  activation  energy  for  this  reaction.  Since  this  energy  increases  linearly  with  increasing 
(<f>  ~  ip'),  it  follows  that  as  ^'becomes  more  negative,  the  activation  energy  and  retardation  of  the  HER  is  increased 
accordingly.  Tills  is  indicated  by  an  increasing  RH- 

Tiic  comparatively  low  steady  state  values  of  the  hydrogen  permeation  currents  in  ammonium  fiuoborate 
and  pure  NaOH  solutions  (Fig.  20.2)  are  in  good  agreement  with  the  low  adsorption  of  the  BF‘  anion  and 
particularly  of  the  OH'  anion  (?)  and  explain  the  low  order  of  hydrogen  embrittlement  imparted  to  steel  when 
cathodically  charged  in  these  solutions  (Fig.  20.4). 

The  opposite  is  true  for  the  Sa  anion  which,  on  account  of  its  very  strong  adsorption  t^l  is  a  powerful 
promoter  of  hydrogen  embrittlement,  as  was  demonstrated  in  the  chapter  dealing  with  sulfide  corrosion  hydrogen 
stress  cracking.  The  same  mechanism  explains  flic  effectiveness  of  other  embrittlement  promotors  such  asselenalcs, 
ant  intonates,  arsenates  and  colloidal  phosphorus  1 1  Ol  The  high  degree  of  embrittlement  produced  by  piating  tin 
from  the  alkaline  staimate  bath!  1 1 )  again  is  explained  by  the  strong  adsorption  of  Hie  stannatc  anion. 

The  hydrogen  coverage  hypothesis  also  explains  the  apparently  paradoxical  embrittlement  behavior  by 
organic  polymers  which  protect  against  embrittlement  os  compared  with  CN"  and  similarly  acting  anionic  groups 
which  promote  this  process.  The  effect  on  hydrogen  embrittlement,  of  both  typos  of  species  is  related  to  adsorption 
on  active  areas.  However,  the  adsorption  of  molecules  of  the  mutionic  polymers  causes  a  decrease  in  hydrogen 
evolution  and  coverage  (retardation  of  the  dissolution  rale  of  iron),  whereas,  witii  the  adsorption  of  the  anionic 
groups,  (retardation  of  lire  recombination  rate  of  hydrogen  adatoms)  there  is  an  increase  in  hydrogen  coverage.  The 
reversal  in  tire  hydrogen  embrittlement  bcliavior  is  consistently  explained  by  changes  in  the  embrittlement 
controlling  hydrogen  evolution  kinetics. 
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APPENDIX 


Abstracts  are  presented  in  this  appendix  of  relevant  papers,  which  were  published  after  the  manuscript  had 
been  prepared  for  publication.  The  abstracts  are  grouped  under  the  following  topics. 

21.1  Effect  of  Composition  on  Delayed  Failure  and  Mechanisms  of  Hydrogen  Stress  Cracking 

21 .2  Damage  by  Gaseous  Hydrogen  and  Steam 

2 1 .3  Improvement  of  Resistance  to  Hydrogen  Stress  Cracking 

21.4  Miscellaneous 


PRECEDING  PAGE  BUNK 


21.1  EFFECT  OF  COMPOSITION  ON  DECAYED  FAILURE  AND  MECHANISM  OF 
HYDROGEN  STRESS  CRACKING 

21.1.1  EFFECT  OF  NICKEL  ON  Cr-Ni  STEELS  ON  THE  CRITICAL  POTENTIAL  FOR  STRESS 
CORROSION  CRACKING 

By  H.  H.  Lee  and  H.  H.  Uhlig 
J.  of  Electrochemical  Soc.,  117,  pp.  18-22  (1970) 

Based  on  polarization  and  cracking  velocity  measurements,  the  authors  are  sceptical  about  the  usability  of 
any  model  of  stress  corrosion  cracking,  pertaining  to  a  galvanic  cell,  the  anode  of  which  is  located  at  the  tip  of  the 
propagating  crack.  According  to  them,  electrochemical  parameters  affect  the  corrosion  potential,  which  in  turn 
determines  whether  adsorption  of  Cl  favor  crack  initiation  arjd  growth;  but  the  mechanism  is  not  one  of  metal 
dissolution  at  the  crack  tip. 

21 . 1 .2  EVALUATION  OF  HYDROGEN  EMBRITTLEMENT  MECHANISMS 

C.  F.  Barth  and  E.  A.  Steigerwald 
Metallurgical  Transactions,  1,  pp.  345 1-3455  (1971) 

Tests  were  conducted  with  sharply  notched  hydrogenated  4340  steel  specimens.  The  test  procedure  consisted 
of  stressing  almost  to  the  end  of  the  incubation  period  (commencement  of  crack  nucleation)  and  then  removing  the 
stress.  After  aging  for  various  times  and  at  different  temperatures,  stress  was  reapplied  and  sustained.  Aging  times 
of  15  minutes  at  75  F  or  6  minutes  at  252  F  ensured  no  change  in  the  length  of  the  incubation  period,  which  was 
considered  to  indicate  that  tills  parameter  was  truly  reversible  with  respect  to  the  applied  stress.  The  kinetics  Involved 
to  reproduce  the  incubation  period  could  be  directly  related  to  the  diffusion  of  hydrogen  In  the  bee  lattice. 
Hydrogen  stress  cracking  was  also  observed  at  the  temperature  of  liquid  nitrogon,  where  diffusion  processes  are 
excluded.  The  results  dealing  with  the  reversibility  of  the  incubation  period  and  the  embrittlement  experiments  at 
ijw  temperature,  according  to  the  authors,  strongly  support  a  hydrogen  embrittlement  theory  based  on  the  inter¬ 
action  of  hydrogen  atoms  with  tire  lattice. 


21. U  HYDROGEN  PERMEABILITY  AND  DELAYED  FAILURE  OF  POLARIZED 
MARTENSITIC  STEELS 

C.  F.  Barth,  E.  A.  Steigerwald  and  A.  R.  Troiano 
Corrosion ,  25,  pp.  353-358  ( 1 970) 

In  this  study,  hydrogen  permeability  and  delayed  failure  characteristics  under  conditions  of  cathodic  and 
anodic  polarization  were  directly  correlated.  It  was  discovered  that  with  Increasing  anodic  potentials  in  3%  NaCI 
solution,  9445  steel  displayed  decreased  times  to  failure,  increased  hydrogen  permeability  and  surface  pitting. 
These  phenomena  were  observed  on  eleclrochemically  preactivated  surfaces,  which  exhibited  a  highly  localized 
pitting  type  of  attack  after  anodic  polarization.  It  was  necessary  to  activate  both  sides  of  the  foil  used  for  the 
permeation  studies  to  obtain  narked  embrittlement.  These  experiments  clearly  demonstrate  that  it  is  possible  to 
absorb  hydrogen  under  conditions  of  anodic  polarization,  and  that  the  hydrogen  pick  tip  is  directly  related  to  the 
delayed  failure  behavior.  The  argument  that  the  decrease  in  failure  time  under  anodic  polarization  rules  out  a 
generalized  hydrogen  embrittlement  concept  for  stress  corrosion  cracking  was  concluded  to  Ire  invalid. 

21.1  4  MECHANISM  OF  CHLORIDE  STRESS  CORROSION  CRACKING  OF  AUSTENITIC 
STAINLESS  STEELS 

F.  R.  Rhodes 

Corrosion,  25.  pp.  463472  ( 1970) 

Electrochemical  studies  of  the  mechanism  of  chloride  stress  corrosion  cracking  of  austenitic  steels,  (type 
304)  support  a  model  requiring,  high  rates  of  hydrogen  evolution  at  the  crack  tip.  The  concept  based  on  these  studies 
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and  consistent  with  published  information  deals  with  anodic  reactions  within  corrosion  pits  and  within  the  crack, 
leading  to  an  intense  hydrogen  evolution  reaction.  Hie  concomitant  carthodic  reduction  of  protons  brings  about  hy¬ 
drogen  entry  into  the  steel,  affiliated  with  the  initiation  of  formation  of  martensitic  platelets  and  establishment  of 
the  path  of  crack  extension.  Above  results  indicate  that  the  anodic  reaction  is  the  source  for  generating  and  main¬ 
taining  the  high  aci  lity,  needed  to  sustain  the  high  rates  of  the  hydrogen  evolution  reaction  near  the  crack  tip. 

21.1.5  HYDROGEN  INDUCED  CRACKING  IN  IRON :  MORPHOLOGY  AND  CRACK 
PATH  DEPENDENCE 

I.  M.  Bernstein 

Metallurgical  Transactions,  f ,  pp.  3 1 43-3 1 49  ( 1 970) 

The  main  objective  of  this  study  was  to  determine  the  role  of  hydrogen  in  the  production  of  crack  nuclei 
and  their  growth  into  potential  critical  cracks.  Specimens  were  hydrogen  chargeo  in  poisoned  sulfuric  acid  and 
transverse  and  longitudinal  sections  examined  metallographically.  Specimens  were  made  mainly  from  Ferrovac, 
vacuum  melted  and  zone  refined  iron. 

The  operative  crack  path  can  be  varied  systematically  and  reversibly  from  inter  to  transgranular,  by  suitable 
control  of  either  prior  thermal  history  or  the  concentration  of  interstitial  solutes.  In  general,  intergranular  cracking 
is  accelerated  by  high  annealing  temperature,  moderately  rapid  cooling  rates,  a  high  oxygen  to  carbon  ratio,  or  the 
absence  of  mobile  interstitial  soiutes  (carbon  and  nitrogen).  Transgranukr  cracking  in  iron  is  heterogenous  in  nature 
with  the  density  of  nuclei  increasing  with  decreasing  purity. 

2 1 . 1 .6  THE  HYDROGEN  EMBRITTLEMENT  OF  Fe-Ni  MARTENSITES 

M.  L.  Wayman  and  G.  C.  Smith 
liktalltugkal  Transactions,  1,  pp.  1 189-1 193  ( 1970) 

Hydrogen  embrittlement  in  these  Materials  is  believed  to  be  the  result  of  high  hydrogen  contents  in  the 
vicinity  of  the  prior  austenite  grain  boundaries,  combined  with  stress  concentrations  caused  by  boundary  pertur¬ 
bations.  During  deformation,  mkrocwcks  form  and  propagate  in  the  prior  austenite  grain  boundaries.  This  process, 
probably  is  assisted  by  Internal  hydrogen  pressure  and  the  lowering  of  crack -surface  energy  by  hydrogen  absorption. 

2 1 . !  .7  EFFECTS  OF  STRESS  ON  ENTRY  AND  PERMEATION  OF  HYDROGEN  IN  IRON 

H.  E.  Townsend,  Jr. 

Qttmsion.  26.  pp.  16 1  -362  ( 1 970) 

Increase  in  hydrogen  permeation,  through  thin  membranes  with  tensile  stresses  applied,  is  attributed  to  an 
increase  in  hydrogen  solubility  due  to  expansion  of  the  stress  lattice.  Hydrogen  reduction  associated  with  she 
dissolution  of  iron  in  acid,  is  slso  accelerated  by  application  of. an  elastic  tensile  stress.  By  combining  these  two 
phenomena,  Townsend  predicts  an  increase. m  hydrogen  permeation  rate  with  wess  resulting  from  tb**  accelerated 
rate  of  hydrogen  reduction  at  constant  potential. 

Attempts  are  made  to  -sxg&io  quantitatively  the  effect  of  stress  on  the  permeation  of  hydrogen,  in  terms  of 
a  stress  increased  exchange  current  density  for  the  hydrogen  evolution  reaction,  lire  increased  reduction  of  hydrogen 
by  stress  leads  to  an  acceleration  of  the  rate  of  entry  of  hydrogen  Into  stainless  steel  aim  and  is  considered  to  be 
responsible  for  the  intensification  of  shess  cracking. 

21.1  M  STRESS  CORROSION  CRACKING  BEHAVIOR  OF  AN  IB&  NICKEL  MA RAGING  STEEL 

A.  T  Sisvros  and  H,  W.  Fusion 
Mdalturnias!  Transactions,  1,  pp.  3049-3055  { 1970) 

Experiments  were  performed  with  six  differed;  structures  of  »hc  maraging  steel,  obtained  by  appropriate 
licat  treatments  without  changing  the  yield  strength  and  hardness  (Rc  52*53).  A  notched  cantilever  beam  type  of 
specimen  was  used. 
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Tests  were  conducted  on  stressed  bars  immersed  in  3%  NaCl  solutions  (pH  of  1 .7  and  6.3),  1 N  H2SO4  and 
distilled  water. 

Tests  were  also,  performed  in  the  NaCl  solutions  under  conditions  of  anodic  and  cathodic  polarization. 

The  threshold  stress  intensity  was  invariant  with  respect  to  heat  treatment,  composition  of  test  solution, 
pH  value  and  applied  potential.  Brown  etal.*  found  that  the  pH  in  a  NaCl  solution  at  the  crack  tip  was  about  3.7  and 
the  Fe++  concentration,  in  the  “intracrackular”  liquid  was  about  1  molar.  Paxton  assumes  that  similar  conditions 
prevail  in  distilled  water  and  concludes  from  an  inspection  of  the  Pourbaix  diagram  for  the  system  iron-water  that 
the  thermodynamic  requirements  for  hydrogen  generation  within  the  crack  arc  satisfied.  From  this  result  he  con¬ 
cludes  further  that  the  crack  controlling  mechanism  is  hydrogen  embrittlement.  In  the  light  of  these  facts,  it  seems 
impossible  to  inhibit  HSC  by  accumulation  of  alkaline,  corrosion  products  on  the  steel  surface  (Bhatt  and  Phelps  - 
Chapter  6,  reference  4). 

The  fact  that  the  fracture  surface  under  all  experimental  conditions  appears  similar,  further  supports  the 
assumption  that  the  crack  initiation  and  propagation  were  controlled  by  one  and  the  same  embrittlement  mechanism. 
The  marked  effect  of  aging  on  fracture  time  was  related  to  a  change  in  hydrogen  diffusivity  in  martensite,  as  a  result 
of  a  change  in  the  number  and  type  of  trapping  sites. 

21,1 .9  ELECTROCHEMICAL  CONDITIONS  AT  THE  TIP  OF  AN  ADVANCING 

STRESS  CORROSION  ^RACK  IN  AISI 4340  STEEL 

J.  A-  Smith,  M.  H.  Peterson  and  B.  F.  Brown 
Corrosion,  26,  pp.  539-542  (1970) 

The  electrochemical  conditions  at  the  crack  tip  were  studied  by  pH  and  potential  measurements  using 
microelectrodes.  The  cracks  were  gfown  In  the  notched  area  of  a  4340  steel  specimen  {YS  200ksi)expo$edtoa  NaCl 
solution  (0.6  molai )  with  the  pH  varied  between  2  to  1 0,  Rum  were  conducted  an  specimens,  which  were  not  polarized 
by  an  external  current  and  on  those  subjected  te  cither  anodic  or  cathodic  polarization.  The  pH  determined  in  the 
“intracrackular"  liquid  was  between  3.5  and  3.9  and  was  invariant  with  respect  to  pH  of  the  surrounding  solution 
and  conditions  0!'  polarization.  From  the  Pourbaix  diagram  for  Iron,  it  was  concluded  that  the  low  pH  at  the  crack 
front  and  the  appreciable  negative  potential,  created  favorable  conditions  for  the  evolution  ofhydrogen.asa  result 
of  tire  reaction  of  Fe44  with  HjO  molecules, 

ft  Is  the  author's  opinion  that  the  qualitative  inferences  concerning  the  kinetics  of  the  fracture  mechanism 
support  the  thesis  of  the  Involvement  of  hydrogen  in  the  cracking  of  the  4340  steel,  under  all  conditions  applied. 

21.2  DAMAGE  BY  GASEOUS  HYDROGEN  AND  STEAM 

21,2.1  A  STUDY  OF  GASEOUS  HYDROGEN  DAMAGE  IN  C  ERTAIN  FCC  METALS 

R.  M.  Venire 1 1  and  G.  S,  Ansell 
Thins.  ASM..  62.  pp.  1007-1013  (1969) 

The  stable  austenitic  stainless  steel,  304  L  SS,  showed  extensive  cracking  when  subjected  to  JO  ksr  hydrogen 
pressure.  Transmission  electron  microscopy  of  (ire  plastically  deformed  specimens  produced  evidence  of  strain  induced 
martensite.  It  was  concluded  that  martensite  must  be  present  ?nd  that  plastic  deformation  in  the  presence  of  high 
pressure  hydrogen  Is  necessary  for  damage  to  occur  in  the  steel. 


*R,  f\  Brown,  “Concept  of  the  Occluded  Corrosion  Cclf’\  Corrosion,  26 ,  pp.  249-250  ( IV70) 

8.  F.  BrowmC.  T.  Fuji!  end  E.  P.Dahiberg.  ‘'Methods  for  Studying  the  Solution  Chemistry  within  Corrosion  Cracks", 
/  Slectwdism.  Sac.,  116,  pp.  2!8-7fo  (1969) 

J.  Saruiuz,  C,  T.  Fujii  and  B.  V.  Brown,  “Solution  Chemistry  within  Stress  Corrosion  Cracks",  Corrosion  Scieni'C, 
10,  pp,  839-S4S  (1970) 
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21 .2.2  EMBRITTLEMENT  OF  41 30  STEEL  BY  LOW  PRESSURE  GASEOUS  HYDROGEN 

D.  P.  Williams  and  H.  G.  Nelson 
Metallurgical  Transactions,  1,  pp.  63-68  (1970) 

Slow  crack  growth  rate  was  studied  in  fully  hardened  4130  steel  induced  by  low  pressure  hydrogen  (<760 
torr).  In  the  temperature  range  between  80  to  25  C,  the  rate  of  crack  propagation  increases  with  decreasing 
temperature  but  between  0  and  -80  C,  it  decreases  with  decreasing  temperature.  A  surface  reaction  model  was 
proposed  and  it  was  concluded  that  the  rate  controlling  step  in  the  crack  growth  induced  by  gaseous  hydrogen  or  by 
hydrogen  charging  is  activated  surface  adsorption  of  hydrogen.  Hydrogen  solubility  and  diffusivity  in  the  control 
of  crack  propagation  rate  were  considered  to  be  of  secondary  importance,  if  they  are  at  all  involved.  The  authors 
emphasize  the  similarity  of  the  surface  reaction  model  suggested  for  control  of  hydrogen  embrittlement  with  other 
ones  of  liquid  metal  embrittlement.  This  is  in  agreement  with  the  conclusions  made  in  chapter  7  about  liquid  metal 
embrittlement,  where  the  similarity  of  these  two  phenomena  was  also  stressed. 

21 .2.3  DISCUSSION  OF  EMBRITTLEMENT  OF  41 30  STEEL  BY  LOW  PRESSURE 
GASEOUS  HYDROGEN 


A.  R.  Oriani 
ibid.,  pp.  2346-2347 

Oriani  concludes  from  calculations,  based  on  assumptions  made  by  Williams  et  al.  that  the  exponential 
dependency  of  the  crack  propagation  rate  on  hydrogen  pressure  is  not  in  agreement  with  the  predictions  by  the  pro¬ 
posed  model  of  adsorption  control.  Thus,  the  idea  that  the  kinetics  of  adsorption  of  hydrogen  controls  the  crack 
growth  rate  cannot  be  accepted.  However,  Williams  et  al,  in  their  reply  (ibid.,  p.  2347)  reject  Oriani's  arguments  as 
being  not  relevant  to  their  work. 

21 .2.4  HYDROGEN  EMBRITTLEMENT  FROM  TEMPER  BLUEING  IN  STEAM 

J.C.  Wright  and  S.E.  Webster 
/  MSI,  208,  pp.  680-684 (1970) 

It  is  a  well  known  engineering  practice,  to  blue-finish  materials  such  as  high  strength  bolts  and  screws, 
cutting  tools,  pins  and  particularly  military  items  such  as  gun  barrels,  parts  of  revolvers,  rifles  and  machine  guns. 
These  materials,  when  blue  finished  by  tempering  in  steam,  frequently  fail  In  service  In  a  brittle  fashion.  He  found 
that  there  is  a  very  significant  loss  in  ductility  and  notched  tensile  strength  of  specimens  after  blue  tempering  in 
steam.  It  is  Iris  considered  opinion  that  if  the  concentration  of  hydrogen  inside  the  specimen  lshigli.no  additional 
hydrogen  no  additional  hydrogen  can  be  Introduced,  which  was  generated  by  decomposition  of  the  lljO  molecules 
in  the  steam  during  blue  tempering.  However,  if  the  initial  hydrogen  concentration  in  the  specimen  is  low.  an 
appreciable  amount  of  embrittling  hydrogen  is  imr^'tecd  during  blue  tempering.  After  attainment  of  equilibrium, 
the  concentration  of  absorbed  hydrogen  was  high  enough  to  ensure  embrittlement.  Hydrogen  content  lit  excess  of 
0.6  ml/cc  (determined  after  tempering  in  stcaml  was  severely  embrittling. 

21.3  IMPROVEMENT  OP  RESISTANCE  TO  HYDROGEN  STRESS  CRACKING 

21.3.1  EFFECT  OF  COMPOSITION  ON  THE  ENVIRONMENTALLY  INDUCED  DELAYED 
FAILURE  OF  PRECRACKED  HIGH  STRENGTH  STEEL 

U  A.  Steigorwald  and  W.  D.  Benjamin 

Metallurgical  Transactions,  2.  pp.  606*608  ( 1970) 

Data  are  presented  to  define  the  effect  of  composition  on  both  the  kinetic  and  steady-state  parameters  as 
measured  in  an  environmentally-induced  delayed  failure  lest.  Five  quench  and  temper  type  martensitic  high-strength 
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steels  were  used,  all  heat  treated  to  the  same  strength  level,  233  to  243  ksi.  Center  notched  and  precracked  specimens 
were  used  in  an  environment  of  dist'lled  water. 

At  a  stress  intensity  of  75  ksit/uiTthe  time  to  cracking  changed  from  approximately  90  minutes  for  low 
alloy  4340  steel  to  over  50,000  minutes  for  the  higher  alloyed  H-l  1  and  9%  Ni  steels.  The  lower  critical  stress  was 
not  affected  by  alloy  composition  The  difference  in  failure  times  was  the  result  of  an  increase  in  time  for  the  initia¬ 
tion  of  crack  growth  and  a  decrease  in  the  rate  of  crack  growth. 

Their  findings,  of  the  improved  resistance  to  delayed  fracture  of  steels  with  increased  nickel  content  anil 
those  of  type  H-l  1  as  compared  with  4340  steel  were  discussed  in  an  earlier  chapter. 

21.3.2  A  METHOD  FOR  IMPROVING  li\  DROGEN  SULFIDE  ACCELERATED  CRACKING  RESISTANCE 
OF  LOW  ALLOY  STEELS 

E.  Snape,  F.  W.  Schaller  and  R.  M,  Forbes-Jones 
Corrosion,  25,  pp.  380-388  ( 1 96°) 

A  double  temper  was  developed  called  “intercritical  hardening”  by  which  martensite  was  introduced  into 
the  microstructure  of  C-75,  A1S1 4140  and  4340  steels,  and  subsequently  eliminated. 

This  was  accomplished  by  heating  above  the  lower  critical  Ac  temperature,  followed  by  tempering  below 
this  temperature.  When  specimens  were  subjected  to  this  double  heat  treatment,  their  strength  and  resistance  to  sul¬ 
fide  corrosion  hydiogen  stress  cracking  were  significantly  improved.  Very  good  results  were  obtained  with  a  4340 
steel  with  a  YS  of  108  ksi. 

21.3.3  COMPOSITION  AND  HYDROGEN  STRESS  CRACKING  OF  STEELS 

John  H.  Hoke 

Corrosion.  26,  pp.  396-397  <1970) 

Experiments  with  410  martensitic  stainless  steei  established  the  fact  that  vacuum  induction  remelting 
greatly  improves  its  resistance  to  hydrogen  stress  cracking.  This  improvement  was  not  the  result  of  structural  changes, 
Tire  high  purity  heat  was  immune  to  cracking  in  the  various  heat  treated  conditions.  Crack  propagation  times  were 
relatively  long  under  severe  conditions  of  heat  treatment  and  stress  level,  indicating  dial  these  lieats  were  much  more 
resistant  to  cracking  than  commercial  material,  which  was  "not"  vacuum  refined. 

These  results  are  in  excellent  agreement  with  those  of  Beck  et  ai.  presented  in  the  chapter,  dealing  with  the 
effect  of  vacuum  remelting  on  hydrogen  stress  cracking. 

21.3.4  ON  THE  RESISTANCE  OF  TRIP  STEEL  TO  HYDROGEN  EMBRITTLEMENT 

R.  A.  McCoy,  W.  W.  Oerhetilt  and  V.  V  Zackay 
MetaHurttit  ijI  Ttonwlknn.  1.  pp,  2031-2034  ( 1 970) 

TRIP  steels  (transformation  induced  plasticity  Decently  developed  by  Zackay  et  al.  arc  characterised  by  high 
strength,  with  high  ductility  and  good  fracture  toughness.  These  meiaitable  austenitic  steels  are  relatively  immune  to 
hydrogen  embrittlement  at  room  temperature,  whereas,  after  strain  iuduccd  transformation  to  martensite,  adverse 
hydrogen  effects  could  be  expected.  Those  investigators  used  single  edge  fatigue  prepacked  notched  specimens, 
which  were  cathodicafly  charged  in  phosphorus  containing  4  percent  by  weight  H2SO4  at  various  current  densities, 
subsequently  overplfitcd  with  cadmium  for  2  hours  at  1 50  roA/in2.  Hydrogen  homogenization  was  accomplished  by- 
baking  at  300  F.  Tire  baking  time  was  vatied  in  order  to  adjust  the  hydrogen  distribution.  Specimens  with  a  YS  ot 
220  ksi  were  subjected  to  sustained  load  tests.  In  general,  the  test  load  was  80S  of  Rfr  (theoretical  stress  intensity 
factor)  and  the  average  value  of  this  factor  was  145  ksi  in-*  It  was  concluded  (hat  crack  growth  was  prevented  by 
cither  the  inability  of  absorbed  hydrogen  to  diffuse  from  surrounding  austenite  (martensite  was  embrittled  hut  the 
surrounding  austenite  was  not)  or.  by  the  lack  if  sufficient  hydrogen  budd  up  in  any  newly  created  nurlcnsitc  at  the 
crack  tip. 
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21.3.5  THE  EFFECT  OF  PRSOR-AUSTENITE  GRAIN  SIZE  ON  THE  STRESS-CORROSION  CRACKING 

SUSCEPTIBILITY  OF  AISI  4340  STEEL 

R.  M.  Proctor  and  H.  W.  Paxton 
Trans.  ASM,  62,  pp.  989-999  (1969) 

A  series  of  AISI  4340  steels  was  developed  for  this  study  having  prior  austenite  grain  sizes  covering  the 
range  ASTM  7/12.  TheYS  of  these  alloys  after  tempering  at  205  C.  was  between  240  and  270  ksi.  Fatigue  precracked 
plane-strain  cantilever  beam  specimens  were  used  to  investigate  the  stress  corrosion  susceptibility  of  these  steels  in  a 
3.5%  NaCl  solution  Results  of  fractographic  investigations  of  the  fracture  surface  indicated  that  it  is  feasible  to  in¬ 
crease  YS  quite  markedly  by  grain  refinement,  accompanied  by  a  decrease  in  the  susceptibility  to  (hydrogen)  stress 
cracking.  An  emperical  relationship  was  derived  between  stress  corrosion  crack  growth  rate  and  applied  plane-strain- 
stress  intensity.  (It  is  suggested  that  the  authors  should  replace  the  terms  SCC  with  HSC.) 

21 .3.6  FRACTOGRAPHIC  OBSERVATION  ON  STRESS  CORROSION  CRACKING  OF  SOME  AUSTENITIC 

STAINLESS  STEELS  IN  McCl2  SOLUTIONS  AT  154  C. 

J,  D.  Harston  and  J.  C.  Scully 
Corrosion.  26,  pp.  387-395  (1970; 

The  stress  corrosion  cracking  of  304  austenitic  stainless  steels  and  steel  alloys  containing  Cu,  Co,  Ni  and  Si. 
exposed  to  boiling  MgCl2.  was  examined  fractographically  by  scanning  electron  microscopy.  Tests  were  also  per¬ 
formed  on  specimens  under  four  point  loading,  which  were  semi-immersed  in  NuCI  solutions  (100  ppm  Cl")  at 
270C  in  autoclaves  at  800  psi.  Crack  nucleatian  is  retarded  by  additions  of  nickel  (10  to  20%)  and  silicon  (0.5  to  2%). 
The  main  reason  for  the  favorable  effect  of  nickel,  is  a  chemical  reaction  proceeding  on  the  freshly  created  surfaces 
at  the  propagating  crack  tip. 

Tile  acidic  reaction  found  by  analysis  of  the  electrolyte  contained  inside  of  the  crack  should  strongly  support 
this  hypothesis. 

21.3.7  RESISTANCE  OF  l8Cr-18Ni-2Si  STAINLESS  STEEL  TO  STRESS  CORROSION  CRACK 

PROPAGATION  IN  BOILING  MAGNESIUM  CHLORIDE 

J.  A.  Davis 

Corrosion.  26,  pp.  95-98  ( 1 970) 

An  interesting  test  specimen  was  developed  by  roll  bonding  together  two  sheets  of  18-18-2  stainless  steel.  One 
died  was  the  standard  alloy  white  the  other  sheet  was  sensitized  to  stress  corrosion  cracking  by  the  addition  of 
phosphorus  and  molybdenum,  Specimens  wer*  produced  In  the  annealed,  cold  worked,  and  sensitized  conditions. 
U-heml  specimens  were  prepared  so  that  half  of  them  had  the  resistant  (standard  alloy)  and  the  other  half  had  the 
susceptible  steel  on  the  tension  side.  They  were  Immersed  in  boiling  MgCI  2  solution.  Wien  cracks  appeared  the 
specimens  were  kept  in  the  solution  for  an  additional  3  to  4  vr-V*  to  allow  the  cracks  to  propagate.  No  cracks  were 
oiltiatcd  hi  the  startdard  1 8- 1 8-2  stainless  steel,  whereas  cracks  trial  were  initiated  m  the  susceptible  steel  propagated 
to  the  interface  and  stopped.  (It  is  suggested  that  the  author  should  replace  the  term  SCC  with  HSC). 

21 .3.8  HYDROGEN  EMANATION  AND  DISTRIBUTION  IN  METALS  AND  ALLOYS 

S.  M.  Toy  and  A  Phillips 
Corrosion,  26.  pp.  200-207  ( 19?0) 

Convincing  evidence  is  presented  that  delayed  fracture  of  18  Ni  maraging  st«d  weldments  in  ait  is  produced 
by  calhodfcaily  generated  hydrogen.  Local  stresses  in  conjunction  with  hydrogen  action  is  necessary  for  initiation 
of  transformation  of  the  retained  austenite  along  a  pcrfercntial  orientation,  into  the  hydrogen  embrittlement 
susceptible  martensite 

To  reduce  cracking  susceptibility,  it  was  suggested  to  stabilize  the  austenite  of  to  transform  it  completely 
during  melting  to  martensite.  This  may  be  achieved  by  modifying  (he  composition  of  tlm  *  elding  rod. 

Neodymium  was  used  to  locate  and  estimate  the  quantity  of  hydrogen  emanation.  Itetcchon  is  based  on  a 
chemical  reaction.  Neodymium  or  a  similar  rare  earth  metal  reacts  with  the  emanating  hydrogen  at  a  temperature 
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of  29  C  or  higher  to  form  a  metal  hydride.  In  this  test  a  thin  neodymium  film  is  evaporated  on  the  polished  and 
etched  metal  surface  which  is  to  be  examined.  This  film  is  transparent  except  at  the  hydrogen  reaction  sites,  where 
Ndfb  is  formed.  Therefore,  the  niicrostructural  features  of  the  metal  surface  are  directly  correlated  to  the  H2 
emitting  sites.  The  NdH2  modules  appear  black  when  observed  with  an  optical  microscope.  By  measuring  the  size  of 
the  reaction  sites  and  the  thickness  of  the  film,  the  quantity  of  hydrogen  fiiat  has  reacted  with  the  Nd  can  be  calculated. 
The  sensitivity  of  this  detection  procedure  can  be  further  improved  by  resolving  individual  hydride  modules  with  a 
scanning  electron  microscope. 

21.3.9  STRESS  CORROSION  CHARACTERISTICS  OF  MARAGING  STEEL  WELDMENTS  IN  AIR  AND 
PENTABORANE 


S.  M.  Toy  and  A.  Phillips 

Welding  J.,  Research  Suppl.49,  (II),  pp.  497-5G4  (1970) 

The  applicability  of  the  neodymium  hydride  method,  described  in  the  above  paper  is  explained  in  greater 

detail. 

21.4  MISCELLANEOUS  TOPICS 

21.4.1  NEW  LOWCOST  EQUIPMENT  FOR  HYDROGEN  DETERMINATION  IN  METALS 

Metallurgist.  82,  pp.  83  84  ( i  ‘*70) 

A  low  cost  hydrogen  vacuum  extraction  device  was  designed  by  Daniel,  Doncaster  and  Sons,  Ltd., 
Sheffield,  England.  Hydrogen  is  extracted  from  the  sample  (steel,  titanium  and  other  metals)  by  a  combination  of 
heat  and  vacuum.  The  gas  is  determined  by  (treasuring  pressure  variations  caused  within  the  setup  by  the  ex'racted 
hydrogen. 

21.4.2  SULFIDE  STRESS  TRACKING  OF  STEELS 

J.  M.  Dvoracek 

Cotrmion.  26.  pp.  1 77- 1  Sri  ( ! 070) 

Tests  were  conducted  to  determine  the  cracking  susceptibility  of  a  number  of  steels  used  in  the  petroleum 
industry,  which  had  been  Iteat  treated  to  moderately  high  strength  levels.  Notched  tension  and  cantilever  bemt 
specimens,  were  exposed  in  stressed  condition  in  closed  containers,  filled  with  NaC|  solutions  of  various  concentra¬ 
tions  containing  dissolved  H;S.  The  pH  was  kept  constant. 

Realistic  critical  nt>  (rial  st,  esses  and  critical  stress  intensity  factors  for  sulfide  corrosion  hydrogen  stress 
clacking  were  obtained  fin  the  fatigue  prectacked  cantilever  Kr,un  specimens,  S**dtum  chloride  cnncenlrattoos  from 
•  to  10  |iercen(  had  no  effect  on  cracking  F  »t  decreasing  the  pH  from  ft  to  3  or  increasing  ItjS  concentrations  had  a 
maikcd  eftect  on  crack  growth  by  accelerating  the  kinetics  of  this  provecs.  Also  surface  notches  and  flaws  with  depths 
and  lengths  exceeding  certain  limits  promoted  crack  formation,  Conversely.  cold  working  trad  a  beneficial  effect, 
see  Clrapter  f  8. 

21.4.)  EFFECTS  OF  HYDROGEN  GAS  ON  METALS  AT  AMBIENT  TEMPERATURE 

by  J.  E.  Campbell 

DM  1C  Report  5-U.  Uatelle  Memorial  f’sstitulc  (1970) 

ITUs  monograph  contacts  chapters  dealing  wph  the  cllect  oi  hydrogen  on  tensile  properties  and  subcnlicjl 
crack  growth  tn  low  alloy  stccU,  standees  steels  and  ritamum  alloys. 
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See  Chapter  20 


Hydrogen  embrittlement  susceptibility 
See  Embrittlement  susceptibility 
Hydrogen  embrittlement  tests  and  specimens 
See  Mechanical  tests  (static); 

Mechanical  tests  (dynamic); 

Mechanical  tests 
failure  controlling  parameters 
Hydrogen  permeation  device 

see  Cathodic  protection;  Hydrogen, 
analysis  of 

embrittlement  correlation  29 
Hydrogen  peroxide  (HjOj) 

inhibition  of  hydrogen  embrittlement  by  181-183 
sonochemieal  formation  of  180 
Hydrogen  reactions 
at  high  temperatures-pressures  115 
case  histories  118, 119 
decarburization  kinetics  1 15 
methane  formation.  Kinetics  1 15 
rate  constant  115 
time  115 

■  Hydrogen  Stress  Cracking  and  Stress  Corrosion 
Cracking  (HSC  and  SCC) 
effects  of  parameters 
anodic  polarization  69, 71 
cathodic  polarization  69, 7| 
composition  69 
environment  69 
impervious  coatings  70 
metallurgical  structure  69 
pH  70. 71 

strain  energy  release  rate  70 
strength  level  70 
stress  directionality  69 
temperature  69 

electrochemical  controlling  variables  70 
fracture  appearance,  differentiation  of 
HSC  and  SCC  72 
studies  in  distilled  water  70 
methods  of  minimizing 

introduction  of  compressive  stresses  168 
nonmctallic  coatings  163 
prestraining  162 
See  abstracts 

effect  of  Composition  on  Delayed  Failure 
and  Mechanisms  of  HSC  192*194 
Improvement  of  Resistance  to  HSC  19S-I98 
Hydrostatic  testing 

see  Embrittlement,  by  aqueous  environments 
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Inhibitors 

See  sulfide  corrosion  of  steel,  corrosion 
inhibitors  109, 110 
Irradiation  effects  on  reactor  steel 
See  Embrittlement  in  pressurized  water 
reactor  systems 

Krouse  fatigue  machine,  47 

Lawrence  hydrogen  detection  gage  22, 23 
Lehigh  restraint  test, 

see  Welding  cracking  susceptibility 
Liquid  metal  embrittlement 

See  Embrittlement  by  liquid  metals 
Low  alloy  steels 

See  Embrittlement  susceptibility 
Loading  rate 
See  Mechanical  tests 

failure  controlling  parameters  12 

Maragiug  steel 

See  Embrittlement  suiceptibiltiy  193 
Marquenchlng, 

embrittlement  response  58, 59 
Martensitic  microstructure 
See  Embrittlement  susceptibility 
Mechanical  plating 
See  Plating  procedure*,  specialized 
Methane 

formation  in  unalloyed  steel  I  IS 
carbon  content  115, 116 
reaction  (cement! te  tH?)  1  IS 
Mechanical  tests  (dynamic) 
slender  column  1,2 
half  ring  2 
Zapffe's  2. 3 
miscellaneous  3 
tensile  ductility  3, 4 
torsion  and  torque  4 
Mechanical  tests  (static) 

Cring  94 1 
See  Notched  C-ring 
italic  bend  9 

sustained  load  delayed  failure  4-8 
Mechanical  tests 

failure  controlling  parameters  12 
grain  orientation  14 
loading  rate  12 


notch  acuity  13, 14 
specimen  size  IS 
strength  level  15, 16 
temperature  12, 13 
Mechanical  test  fixutres  5,6 
concentric  loading  S 
constant  rate  bend  test  2 
static  tension  jig  7 
sustained  load  5, 7, 8 
Sachs  alignment  S 
Mechanical  tcMs,  specimen  types 
Slender  column  1 
Notched  C-ring  10 
instrumented  loading  bolts 
Ring  9 

Notched  tensile  6 
Mechanisms,  (explanation  of 
hydrogen  embrittlement  phenomena  171-176 
interaction  of  hydrogen  with  dislocations 
and  dislocation  locking  171 
planar  pressure  171 
thermodynamic  approach  171476 
Metallic  undercoats  162, 163 
See  Hydrogen  embrittlement,  methods  of 
minimizing  162, 163 
Mteioctack* 
definition  89 
Microflisurej 
definition  89 
Microstructure 

See  Embrittlement  susceptibility . 

Weldments,  steel 
Mitigation  of  embrittlement 
See  Hydrogen  embrittlement, 

methods  of  minimizing  161165 
See  Steel  weldments  96-100 
Molar  entropy  of  hydrogen,  partial 
in  lattice  173 

relationship  with  Fed  system  i  74 
Need)  mlum 

hydrogen  detection  method  for  steels  and 
alloys  197.  |98 
Nickel  plating 

See  Electroplating  embrittlement 
Non-metallic  coatings 
See  Methods  of  minimizing  hydrogen 
embrittlement  163 
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Notch  acuity  13 
see  Mechanical  tests 

failure  controlling  parameters  13 
Notch  plating 

See  Electroplating  notches 

effects  of  diffusion  heat  treatment  149 
effects  on  embrittlement  testing  148 
Notched  C-dng  9, 10,139 
instrumented  loading  bolt  10 
stress  calculations  10, 1 1 

See  Mehcanical  testing  (static) 

Oil  quenching 

embrittlement  response  58, 59 
Organic  additives 

See  Pickling  embrittlement,  inhibition  by 
Oxidizing  agents 

See  Pickling  embrittlement,  inhibition  by 

Paint  removers  embrittlement  by  138 
practical  preventive  precautions  139 
proposed  mechanisms  139 
tests  for  (notched  C-rings)  138 
total  immersion  138, 139 
wetting  138,139 
test  results 

materials  evaluation  (Table  14.2)  139 
Partial  molar  volume  of  hydrogen, 
w  lattice  171,172 
calculation  of  171, 172 
Peart  I  tic  microstructure 

See  Embrittlement  susceptibility 
Peen  plating 

See  Plating  procedures,  specialized 
Petroleum  industry 

see  Sulfide  corrosion  of  steel 
ftuisphatixing  embrittlement 
relieving  treatments  140 
baking  140 

inconsistency  of  results  141 
Pickling 

See  Acid  pickling 
Cathudk  pickling 

Pickling  embrittlement,  inhibition  by 
organic  additives  188 
oxidizing  agents  168 
ultrasonic  fields  168 


Pickling  embrittlement,  interpretation  of  controlling 
variables  (acid  pickling)  179 
by  H2O2 

effect  on  ductility  (Fig.  19.5)  182 
effect  on  polarization  potential  182, 183 
by  nonionic  surface  active  agents  180, 1 81 
retardation  and  extmetion  of  HER  182 
by  ultrasonic  field 

disturbance  of  hydrogen  coverage  179 
sonochemical  formation  of  H2O2  179 
Pickling  embrittlement,  interpretation  of  controlling 
variables  (cathodic  pickling)  (79 

by  H2O2 

magnitude  of  standard  redox  potential 
(H2O2)  182 
by  ultrasonic  field 

disturbance  of  hydrogen  coverage  179 
sonochemical  formation  of  H2O2  179 
Pipe,  buried 

model  of,  subjected  to  cathodic  polarization  132 
Plastic  prestrain,  beneficial  effect  of 

reduction  of  embrittlement  susceptibility  174 
Plating  embrittlement 

See  Electroplating  embrittlement 
Plating  embrittlement  inhibition 
by»202  181-183 
by  ultrasonic  field  179 
barrier  effectiveness  180 
disturbance  of  hydrogen  coverage  179 
grain  refinement  180 
sonochemical  formation  of  H1O2  180 
Plating  procedures,  specialized 
brush  plating  1 56 

stress  rupture  results  1 56 
gas  plating  156 
atumu.'im  1 56 

mechanical  ipeen)  plating  157. 1 $8 
prctrcaiment  157 
spray  metallizing  1 57 

hydrogen  embrittlement  results  157 
vacuum  deptaition  t57 
Pressurized  hydrogenation  plants. 

hydrogen  attack  1 18 
Pressurized  water  reactor  system*, 

See  Embrittlement  in  pressurized  water  reactor 
system* 
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Rolling  surfaces,  fatigue  of 
discussion,  50,51 
Root  cracking 

See  Weldments,  steel  89 

S*N  curves 

AISI 4340  steels  43 
Spring  steel  45 

Sachs  precision  alignment  fixture  5 
Scanning  electron  microscope 

HSC  and  SCC  fracture  appearance  72, 73 
Silver  plating 

Sec  Electroplating  embrittlement 
Specimen  size 

See  Mechanical  tests 

failure  controlling  parameters  15 
Spray  metallizing 

See  Plating  procedures,  specialized 
Stainless  steel 

Sec  Embrittlement  susceptibility 
Steam 
damage  by 
See  abstracts 

Damage  by  Gaseous  Hydrogen  and 
Steam  194, 195 
Sled  rocket  clambers 

See  Embrittlement,  by  aqueous  environments  81 
Steel  weldments 
Sec  Weldments,  steel 
Strain  energy  rdeaic  rates  39 
IISC  and  SCC  experiments  70 
Strain  gage 

instrumented  loading  bolts  10 
wiring  diagram  10 
Strength  level 

see  Mechanical  tests 

failure  controlling  parameters  15. 16 
See  HSC  and  SCC 
Strew  corrosion  cracking  (SCC) 
see  HSC  and  SCC 
effects  of 

anodic  polarization  69, 70 
oxidizing  agents  72, 73 
Stress  field  of  sn  edge  dislocation 
hydrogen  concentration  in  174 
Stressed  ring  tests  9-1 1 


Sulfide  corrosion  of  steel  (gas  and  petroleum 
industries) 
effect  of  parameters: 
applied  stress  104, 105 
corrosion  inhibitors  109, 110 
hardness  104,  106, 109 
H2S  concentration  107-109 
hydrogenation  processes  109 
pH  107 

temperature  106, 107 
yield  strength  107-109 
hydrogen  stress  cracking  103, 107 
nature  of 

see  Hydrogen  stress  cracking  (HSC) 
and  Stress  corrosion  cracking  (SCC) 
mitigation  by: 

coal  tar  epoxy  coating  109 
chromium  additions 
corrosion  inhibitors,  organic  109, 1 10 
metallic  coalings  (Table  9.  \ )  106 
substitute  alloys  106 

oil  production  equipment  cracking,  (abstracts 
of  NACE  reports) 
field  tests  103 

material  recommendations  103 
preventive  measures  103 
susceptibility  of  materials  (lab.  tests) 

AISI  4 140  steel  104 

head  cap  screws-stud  bolts  104-106 
fracture  location  104 
martensite  104 
steels  107 

test  specimen  types 
notched  C-ring  110 
smooth  tensile  107 
tutting  fork  107 
U-beitd  109 

Sustained  toad  delayed  failure  tests  4-8 

Tempet  blueing  in  steam 
hydrogen  embrittlement  195 
Temperature 

Sec  Mechanical  tests 

failure  controlling  parameters.  12.  i3 
Tensile  specimen,  not  died 
standard  type  6 
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Test  specimens, 

for  hydrogen  embrittlement  tests 
see  Mechanical  tests  (dynamic) 
Mechanical  tests  (static) 

TRIP  steel 

resistance  to  hydrogen  embrittlement  196 
Troiano’s  hypothesis 

hydrogen  induced  delayed  failure  4 
Twinned  martensite 

See  Embrittlement  susceptibility 

Ultrasonic  fields 

See  Pickling  embrittlement,  inhibition  by 
Underbead  cracking 
see  Weldments,  steel 

Vacuum  deposition,  jpetals  157 
Vacuum  remeiting 

See  Embrittlement  susceptibility 
discussion  of  64 

Watts  electroplating  bath 

See  Electroplating  embrittlement 
Welding  atmosphere, 
effects  of 

hydrogen  concentration  91 , 97 
water  vapor  91,97 
Welding  electrode  coatings 
sec  Weldments,  steel 
Weldments,  steel 

cracking  susceptibility,  effects  of 
•  composition  of  weld  metal  99, 100 
cooling  rate  98,99 
microstructure  99 
post-heat  treatment  96,97 
pre  heat  treatment  96 
cracking  susceptibility  tests 
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Lehigh  restraint  test  93 
restraint  test  (using  transducer)  94 
modified  restraint  test  94 
defects  in  heat  affected  zone 
cold  cracking  89 
hot  cracking  89 
root  cracking  89 
underbead  cracking  89, 95 
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association  with  hydrogen  90 
formation  and  nature  of  90 
fissure  formation 
intergranular  89 
transgranular  89 
hydrogen  analysis 

analytical  procedure  96 
sample  preparation  94 
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hydrogen  content 
critical  content  94, 95 
effects  on  weldments  95 
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hydrogen  sources  95 
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dissociation  of  water  vapor  95 
mitigation  of  embrittlement 

dehydration  of  electrode  coating  97 
dehydration  of  welding  atmosphere  97 
dehydrogenation  of  weJding  atmosphere  97 

Zapffe 

bend  test  2,  3 

planar  pressure  theory  1 7 ! 
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See  Electroplating  embrittlement 
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